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expression of a tat-dependent reporter gene in the laboratory of Dr. Lee Bacheler
(DuPont), and preventing expression of HIV p24 and syncytial formation in HIV-
challenged cells in the laboratory of Dr. Flossie Wong-Staal (NCI).

The mode of interaction between HIV-1 transactivating tat protein and the trans-
acting responsive (TAR) sequence in HIV mRNAs, which results in tat stimulation of HIV
mRNA transcription and translation, was studied in vitro with synthetic tat protein. The
synthetic tat peptide was crossreactive with anti-tat antiserum, in the laboratory of Dr.
David Baltimore (MIT), but was nonspecific in its binding to a series of RNA transcripts.
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D. SUMMARY

The goal of this work is to develop novel, efficacious, injectable, gene-specific
therapeutics for treatment of human immunodeficiency virus (HIV) infection. These
products will be nuclease resistant, stereospecific antisense inhibitors of human
immunodeficiency virus gene expression and activity. Antisense DNA inhibition has
worked in this laboratory against several human and viral genes in cell culture.

In this project, routes are being developed for the stereospecific synthesis and
purification of all-S or all-R oligodeoxynucleoside methylphosphonates directed against
specific HIV mRNAs, and against tat protein. Several dimers have been prepared by the
pentavalent solution route, and encouraging results have been obtained for the
trivalent solution route.

The resulting oligomers have been characterized by fast atom bombardment mass
spectroscopy in the laboratory of Dr. Julie Leary (Berkeley), and high field nuclear
magnetic resonance spectroscopy, at USF and in the laboratory of Dr. David Gorenstein
(Purdue). Oligomer toxicology and pharmacology have been studied in mice, in
collaboration with Dr. Ralph Brinster (Pennsylvania). Doses of 15 and 50 mg/kg of
pentadecadeoxynucleoside methylphosphonates were not toxic, and displayed
multiphasic pharmacokinetics in plasma.

Oligomers targeted against tat were tested for their efficacy in preventing
expression of a tat-dependent reporter gene in the laboratory of Dr. Lee Bacheler
(DuPont), and preventing expression of HIV p24 and syncytial formation in HIV-
challenged cells in the laboratory of Dr. Flossie Wong-Staal (NCI).

The mode of interaction between HIV-1 transactivating tat protein and the trans-
acting responsive (TAR) sequence in HIV mRNAs, which results in tat stimulation of HIV
mRNA transcription and translation, was studied in vitro with synthetic tat protein. The
synthetic tat peptide was crossreactive with anti-tat antiserum, in the laboratory of Dr.
David Baltimore (MIT), but was nonspecific in its binding to a series of RNA transcripts.
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E. FOREWORD

Acquired immune deficiency syndrome is the result of infection by a retrovirus
called human immunodeficiency virus (HIV). The genome of HIV extends about 9200
bp, including long terminal repeats (LTRs) at each end (Ratner, et al., 1985; Wain-
Hobson, et al., 1985; Sanchez-Pescador, et al., 1985). The genome includes the
common retroviral genes for group specific antigens, gag, polymerase enzymes, pol, and
envelope proteins, env. In addition, there are two less well characterized large open
reading frames: vif, which is just 3' of thepol transcription unit, and appears to be
required for viral infectiousness and replication (Fisher, et al., 1987); nef, which
extends from the 3' end of env into the LTR, acts like a negative regulatory factor and
resembles the ras oncogene p21 protein (Guy, et al., 1987).

A bipartite sixth gene, tat, occurs in the env region, but in a different reading
frame (Sodroski, et al., 1985; Arya, et al., 1985). tat encodes a doubly spliced mRNA for
an 86 residue protein which shows homology to nucleic acid binding zinc-finger
domains in other proteins (Berg, 1986), particularly Cys-Xaa-Xaa-Cys, which occurs four
times. The 14 kD tat protein increases the level of transcription and the efficiency of
translation of HIV mRNA, and hence HIV replication (Rosen, et al., 1986; Fisher, et al.,
1986; Cullen, 1986; Wright, et al., 1986). Hence, inhibition of tat expression may be
especially effective at preventing production of infectious virions in IIIV-infected cells.

The tat protein interacts directly or indirectly in trans with the first 80 nt of all
HIV mRNAs, the transactivation responsive (TAR) element (Rosen, et al., 1985). This
sequence was calculated to form a tight hairpin loop from the cap to nt 59, so perhaps
the tat protein is an RNA helix destabilization protein which opens up the 5' end of HIV
mRNAs, thus increasing their translational efficiency (Okamoto and Wong-Staal, 1986);
this model is analogous to an earlier model for the mode of action of prokaryotic
translational initiation factor 3 (Wickstrom, 1974). The predicted secondary structure,
and a second stable hairpin loop in the TAR were confirmed by nuclease probing; the
sequence and structure are necessary for tat activity (Muesing, et al., 1987).
Immunofluorescence analysis implied that tat protein is primarily located in the
nucleus, suggesting that any protein-RNA interactions would probably occur in the
nucleus, by stimulating transcription, anti-termination, processing, or transport to the
cytoplasm (Hauber, et al., 1987; Kao, et al., 1987).

Synthetic oligodeoxynucleotides have been successfully applied by several
laboratories to inhibit gene expression (rev. by van der Krol, et al., 1988). Encouraging
results have been obtained in this laboratory for VSV matrix protein (Wickstrom, et al.,
1986), and human c-myc oncogene (Heikkila, et al., 1987; Wickstrom, et al., 1988, 1989;
Bacon, et al., 1989; Bacon and Wickstrom, 1989). In the case of HIV, antisense
oligodeoxynucleotides directed against sites in the LTR or against splice junction sites
were effective in the 20 gM range for inhibiting HIV reverse transcriptase activity and
p15 and p24 expression in H9 cells challenged by 11V in culture (Zamecnik, et al.,
1986). The most recent HIV work from Zdmecnik's laboratory confirms their earlier
observations, and makes clear that antisense oligodeoxynucleotides are efficacious
against a variety of targets, at doses which are nontoxic in mice (Goodchild, et al.,
1988). In the work presented below, this laboratory has also observed some efficacy of
antisense oligodeoxynucleotides against HIV tat.
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Oligodeoxynucleotides themselves are not stable enough for intravenous or oral
administration. Uncharged methylphosphonate oligodeoxynucleosides are resistant to
nucleases, enter animal cells more efficiently than charged oligodeoxynucleotides, and
specifically inhibit expression of simian virus 40 (Miller, et al., 1985) and VSV (Agris, et
al., 1986), rabbit globin (Blake, et al., 1985), herpes simplex virus 1 (Smith, et al., 1986),
and HIV (Sarin, et al., 1988). However, relatively high concentrations are required for
significant inhibition. One would expect that the greater longevity, improved cellular
uptake, and lack of charge on oligodeoxynucleoside methylphosphonates would make
them much more effective inhibitors of mRNA translation than normal
oligodeoxynucleotides. However, in the case of dihydrofolate reductase mRNA
translated in the same system, oligodeoxynucleoside methylphosphonates were over
100 times less efficient than normal oligodeoxynucleotides (Maher and Dolnick, 1988).

The poor hybridization of oligodeoxynucleoside methylphosphonates is probably
due to the existence of R and S diastereomers at each phosphodiester bond (Kan, et al.,
1980). For example, in a normal octamer with a single methylphosphonate bond, it was
found that the oligomer with an R bond had a higher melting temperature than the
oligomer with an S bond (Bower, et al., 1987). For the related ethyl phosphotriesters,
Abramova, et al. (1988) observed that alkylation of poly(dA), and of poly(rA) tails in
Krebs ascites cells, by an aryl nitrogen mustard derivative of tetrathymidyluridine was
about 20 times as efficient for one particular diastereomer at each bond versus the
other. The point is that a large difference in efficacy was apparent even for a tetramer,
as we expect for oligodeoxynucleoside methylphosphonates. They have subsequently
determined that R diastereomers of methylphosphonates, alternating with normal
diesters, impart greater efficacy (Amirkhanov and Zarytova, 1988). In the work
presented below, this laboratory has made some progress in stereospecific synthesis of
oligodeoxynucleoside methylphosphonates. It has also been found that racemic
oligodeoxynucleoside methylphosphonates may be injected into mice at 50 mg/kg
without obvious toxicity, and recovered intact from the blood for at least four hr. after
administration. An oligomer specific for c-myc strongly down-regulated c.myc p65
expression in circulating lymphocytes of c- nyc transgenic mice.

The synthesis of oligomers of a-deoxynucleotides, instead of the normal 13-
deoxynucleotides, also has potential for achieving nuclease resistance without loss of
base pairing effectiveness (Morvan, et al., 1986; Bacon, et al., 1988). However, while
the unusual a-oligodeoxynucleotides hybridize in parallel with mRNA even more tightly
than normal 1-oligodeoxynucleotides hybridize in antiparallel, they show little efficacy
for hybrid arrest (Gagnor, et al., 1987). In the work presented below, this laboratory
has observed that a-oligodeoxynucleotides survive very well in mammalian sera, with
half-lives on the order of 12 hr. (Bacon, et al., 1988).

Study of RNA structure and RNA-protein interactions has been a longterm interest
of this laboratory (Wickstrom and Laing, 1988). Hence, the potential for RNA binding
by tat protein stimulated great interest. Frankel, et al. (1988) have isolated HIV-1 tat
protein which was overexpressed in bacteria, and analyzed its metal binding and
oligomerization. They observed 2 Cd2+ or Zn 2+ ions per tat monomer, but weak Co2+
binding, and proposed a dimeric structure for active tat. In their hands, the
recombinant protein bound both DNA and RNA nonspecifically. This result is
paradoxical, since tat was first characterized by its dependence on the TAR region for
activity (Rosen, et al., 1985), and sequence mutants in the TAR stem-loop structure
abolish tat activity (Feng and Holland, 1988). In the wofk presented below, this

Page 5



Wickstrom, Eric 350-38-9634

laboratory has found similar results in gel mobility shift experiments at low ionic
strength with a synthetic tat polypeptide, and no specific footprinting onto an HIV first
exon transcript at physiological ionic strength (Zou, et al., 1989).

It is anticipated that antisense oligomers will display some cytotoxicity, making
them inappropriate for chronic use in an animal or human system. Furthermore,
prolonged use may well select for clones which overexpress the mRNA target of the
antisense oligomer; this problem may not arise if days or weeks of exposure is sufficient
to commit transformed cells to differentiate. The possibility of short term treatment will
be made more plausible if antisense therapy against active viral genes also induces re-
expression of major histocompatibility complex class I antigens. Interestingly, the
related Ad12 EIA and BK large T antigens have been impliL.ted in down regulation of
MHC class I antigen expression in transformed human cells (Vasavada, et al., 1986).
Completing the analogy, down regulation of MHC class I antigens has also been
observed in human Burkitt's lymphoma cells transformed by c-myc translocated to an
immunoglobulin locus (Masucci, et al., 1987). The importance of these findings lies in
the fact that cells which express little or no MHC class I antigens are resistant to
cytolytic T lymphocytes specific for antigens expressed by those cells, resulting in a loss
of immune surveillance. Similarly, MHC I expression in human melanoma cell lines was
observed to be inversely correlated with c-myc expression (Versteeg, et al., 1988).
Hence, it is possible that reducing the level of viral mRNA translation may not only halt
viral replication and the spread of infection, but even re-establish immune surveillance
of virally transformed cell populations. In preliminary work presented below, this
laboratory has found significant differences between MHC class I levels in normal and
transformed cells.

The most frequent question asked about antisense oligodeoxynucleotide hybrid
arrest experiments focuses on how the oligodeoxynucleotides enter the cells. Anecdotal
accounts of inhibition of uptake by dinitrophenol or cytochalasin B imply an ATP-
mediated mechanism, i. e., active uptake (J. Goodchild, at EMBO/INSERM Antisense
Regulation Workshop). Vlassov, et al. (1986) have observed uptake kinetics which may
be construed to imply uptake by simultaneous adsorptive endocytosis, stimulated
endocytosis, and pinocytosis. Bennett, et al. (1988) have been characterizing a human
leukocyte cell surface protein, about 30 kDa, which binds large DNA molecules and
mediates their internalization and degradation to oligodeoxynucleotides. This protein
is a candidate for a DNA receptor, and Dr. Bennett has provided us with samples of his
monoclonal antibodies 12A and 24T in order to determine whether or not the putative
receptor takes part in oligodeoxynucleotide uptake. In preliminary work presented
below, this laboratory has found evidence for the presence of these receptors on human
hematopoietic cells.
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G. BODY OF REPORT

1. Antisense Oligodeoxynucleotide Inhibition of c-myc Oncogene Expression
(Reprints and Preprints in Appendix)

A calculated secondary structure for c-myc mRNA placed the initiation codon in a
bulge of a weakly basepaired region, accessible for antisense arrest. Treatment of PHA-
stimulated normal human peripheral blood lymphocytes with an antisense oligomer
against the predicted bulge resulted in sequence-specific, dose-dependent inhibition of
p65 expression, mitotic index, and entry into S phase (Heikkila, et al., 1987).

Furthermore, treatment of HL-60 cells with the anti-c.myc oligomer yielded
sequence-specific, dose-dependent inhibition of both p65 expression and proliferation
(Wickstrom, et al., 1988), and induced differentiation along the granulocytic pathway
(Wickstrom, et al., 1989). Efficacy was three times greater than with normal cells.
Oligomer uptake by HL60 cells levelled out at about 1-2% of the labelled oligomers,
which survived intact for up to 24 hr. In contrast, oligomers remaining in the culture
medium supernatant disappeared by 8 hr. Indirect immunofluorescence and
radioimmunoprecipitation assays of HL-60 cells treated with anti-c.myc oligomer
revealed sequence specific, dose dependent inhibition of p65 expression.

Daily addition of anti-c-myc oligomer to HL-60 cells growing in a serum-frce
medium is as effective as 1% Me2SO (Bacon, et al., 1989). Mitotic index and colony
formation in methocel were similarly inhibited. It thus appears that p65 facilitates
replication, which may be halted by antisense oligodeoxynucleotides, directed against a
predicted hairpin loop containing the initiation codon of human c-myc mRNA.

2. Stability of a-Oligodeoxynucleotides (Reprint in Appendix)

We have also collaborated with Dr. Jean-Louis Imbach to study the nuclease
resistance of c-oligodeoxynucleotides, which survive with no apparent degradation over
24 hr. at 370 in HeLa cell postmitochondrial cytop!amic extract or RPMI 1640 medium
with 10% fetal bovine serum. Under the same conditions, a-oligodeoxynucleotides are
slowly degraded in rabbit reticulocyte lysate, undiluted fetal bovine serum, and
undiluted human adult serum with a half-life of roughly 24 hr. (Bacon, et al., 1988).

3. Synthesis of HIV tat protein (Draft in Appendix)

The transactivating tat protein of human immunodeficiency virus (HIV) displays
some characteristics and properties of an RNA binding protein. Analysis of the structure
and function of this 86 amino acid polypeptide, and its interactions with RNA, require
significant amounts of pure, native protein. The small size of tat made its Ciemical
synthesis appear promising. Many problems were posed, however, by automated
synthesis of the tat sequence. These include a complex Arg and Gin rich segment, and
the presence of 7 Cys residues, four of which are thought to be capable of Zn 2

binding. These challenges have been solved in an fluorenylmethoxycarbonyl (Fmoc)-
mediated synthesis using trimethoxybenzyl side chain protection for Gln, the highly
efficient benzotriazolyloxy tris(dimethylamino) phosphonium hexafluorophosphate
(BOP) and hydroxybenzotriazole (1IOBt) coupling method, use of trityl (Trt) and
acetamidomethyl (Acm) moieties for selective Cys protection, advanced expert system
predictive software to preassign coupling times, an efficient linker substituted
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polystyrene support, and optimized cleavage and deprotection conditions. Peptides
removed during the assembly of tat at the 20, 36, 53, 73, and final 86 residue steps have
been purified by reversed phase liquid chromatography and sequenced. The analytical
results confirm the efficiency and fidelity of the synthesis. Immunological crossreaction
of the full length peptide was observed with anti-tat antiserum.

4. Oligodeoxynucleoside metbylpbospbonate synthesis

Preliminary syntheses of dimethoxytrityl thymidine methylphosphonyl
imidazolide and dimethoxytrityl thymidine methylphosphonyl thymidine according to
Miller, et al. (1986) were carried out by the PI as a guest researcher in the laboratories
of Drs. Jack Cohen and Sam Broder at the National Cancer Institute. Thin layer and
liquid chromatography indicated that the syntheses were successful, that the
imidazolide is stable in solution for several days, and upon chromatography on C,8 silica
in anhydrous acetonitrile (Fig. 1). NMR spectra confirmed synthesis of the imidazolide
(Fig. 13), which successfully coupled to thymidinyl silica, quantitated by detritylation of
the dimer silica product. The dimer product was hydrolyzed from the support, and
partially resolved on an old C1. column (Fig. 2). The evaporated R and S pool gave a
correct FABMS pattern (Fig. 9), and was successfully resolved by liquid chromatography
on a fresh C,8 column (Fig. 3). As expected, the fast eluting S peak displayed the larger
CD peak, and the slower eluting R peak gave a smaller peak, plus a blue shifted trough
(Fig. 4). Hence, reference dimers are available for 2D NMR analysis and comparison
with products from new routes. Similarly, the diastereomers of 3',5'-bis(inosine)
methylphosphonate have been prepared and separated on a scale of 100 Amol (Fig. 5).

The first step [2. preparing a stereospecific reference tetramer is to prepare
stereospecific dimers. 5'-O-dimethoxytrityl thymidine methylphosphonyl thymidine.3'-
O-acetate was prepared in a one-pot reaction by activating the 3'-OH of 5'-O-DMT-
thymidine with methylphosphonyl bis(imidazolide) ,o the 3'-0-methylphosphonyl
imidazolide. Addition of 3'.0-acetyl thymidine yielded the dimer, which was eluted as a
racemic mixture from C1. silica with 60% acetonitrile/40% water. 31P nmr gave peaks at
31.6 and 32.1 ppm from 85% R3P04, in agreement with Dorman, et al. (1984). The
diastereomers were separated isocratically on silica eluted with 2% MeOHi/98% CHC13
(Fig. 6). The peak eluting at 18.4 min. displayed a3'P nmr peak at 31.6 ppm, while the
peak eluting at 26.1 min. showed a 31p peak of 32.1 ppm (Fig. 16).

To synthesize a tetramer, half of each dimer diastereomer will be deprotected at
the 5'-01, and half at the 3'°OH. The two derivatives will be coupled as for the dimer,
yielding a tetramer with stereospecific first and third methylphosphonates, and a
racemic second methylphosphonate. The tetramer diastereomers will be separated by
liquid chromatography as before. We have now prepared tetrathymidine
methylphosphonates from the stereospecific dimer of peak I in Fig. 5. This preparation
separated into two closely spaced peaks upon liquid chromatography (Fig. 7). We are
awaiting FABMS and NMR results to see whether the peaks represent the all-S and S-R-S
tetramers, respectively.

For the trivalent rouce, 5'-dimethoxytrityl thymidine methylphosphinyl
diisopropylamide has becn prepared according to Dorman, et al. (1984), and its
coupling rate to 3'-0-benzoyl thymidine was found to be quite rapid by 3'P NMR (Fig.
17). The expected 31P ,pectra were also obtained for 5'-dimethoxytrityl thymidine
methylphosphonyl diisopropylamidite reaLting with 5'.activated 3'-0-acetyl thymidine in
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the absence of tetrazole (Fig. 18). Tetrazole was eliminated expressly to prevent
epimerization, and its catalytic role was substituted by a proprietary 5' activation of 3'-
O-acetyl thymidine. The diastereomers of the activated trivalent monomer may be
separated on C18 silica (Fig. 8), but would best be separated anhydrously on silica (or a
less reactive matrix) before carrying out the same 5'-activated coupling. Only then will
it be known if this route will allow stereospecific trivalent coupling.
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Fig. 2. Liquid chromatography of crude T-T methyiphosphonate on a 4.6 x 250 nm
column of C,, silica, eluted with a gradient of 0.50% acetonitrile in water, 1%/'min., at a
flow rate of 1.0 mb'min.
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Fig. 3. Liquid chromatography of the T-T methyiphosphonate pooi from Fig. 2 into
putative R and S diastereomers on a 4.6 x 250 mm column of C,, silica, eluted with a
gradient of 10-15% acetonitrile in water, 0.25%/mmn., at a flow rate of 1.0 mLlmin.

Page 13



Wickstrom, Eric 350-38-9634
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Fig. 4. Circular dichroism spectra of putative R and S diastereomers of T-T
methylphosphonate separated in Fig. 3, in water at 250, measured on the Jasco J-500A
spectropolarimeter, USF.
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Fig. 5. Liquid chromatography of diastereomers of DMT.I-methylphosphonyl-I-Akc on a
10 x 250 mm column of silica eluted with 100% CHC13 for 5 min., followed by a gradient
from 100% CHC13 to 20% MeOH, 80% CHC13 over 25 rain., followed by a 10 rain.
segment up to 100% MeOH, at a flow rate of 5.0 mL'min. The peaks at 25.5 and 27.5
min. are the bis(inosine) methylphosphonate diastereomers.
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Fig. 6. Liquid chromatography of diastereomers of DMT-T-methylphosphonyl-T-Ac on a
10 x 250 mm column of silica eluted with 2% MeOH,'98% CHCI at a flow rate of 4.0
m m in.P
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Fig. 7. Liquid chromatography of tetrathymidine methylphosphonate-3'-OAc,
stereospecific at the first andt third bonds, racemic at the middle bond, on silica, eluted

with 2% MeOH in CHC13 for 15 min., followed by a gradient of 2-10% MeOH in CHIC13
from 15 to 60 min. Y-axis recorded A2 0 , 0-2.0.
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5. Oligodeoxynucleoside Methylphosphonate FABMS

An initial test of FABMS on oligodeoxynucleoside methylphosphonates was
carried out on racemic thymidinyl methylphosphonyl thymidine from Fig. 2. Shown in
Fig. 9 are the fragment ions corresponding to various cleavages in the molecule which
were seen in the low resolution FAB mass spectrum. In addition to the protonated
molecular ion at m/z 545, we see the sequence ions resulting from cleavage between
ribose and oxygen of the phosphate ester at m/z 321 and 225. A small ion at m/z 419 is
also present and corresponds to fragmentation of one thymidine base with charge
retention on the remainder of the molecule. All of these cleavage patterns have been
seen in previous studies of alkylphosphotriesters (Phillips, et al., 1985). Similar clear
results were seen for bis(deoxyinosine) methylphosphonate (Fig. 10).

The triethylammonium salt of a partially protected tetramer (5'CUAA3') was
dissolved in LiCI, mixed with a mixture of glycerol and thioglycerol, and 0.5 /L
corresponding to 175 ng was subjected to FABMS. A single scan spectrum was recorded
in the positive ion mode and the resulting molecular ion and the structure for this
tetramer is shown in Fig. 11.

The preparation of protected tetrathymidine methylphosphonate described in 2.
above was analyzed similarly, yielding the mass spectrum in Fig. 12. Small peaks for the
parent ion and tetramer fragments may be seen.
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Fig. 9. Fast atom bombardment mass spectroscopy of racemic T-T methylphosphonate,
sputtered from glycerol, on the Kratos MS 50 of Dr. Leary, Berkeley.
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Fig. 11. Fai.t atom bombardment ma.ss spectroscopy of the lithium salt of 5'-trityl-CUAA,
sputtered from a mixture of glycerol and thiogl)cerol, on the Kratos MS 50 of Dr. Leary,
Berkeley.
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Fig. 12. FABMNS of 5'-DMT-tetrithymidine methylphosphonate-3'-OAc, sputtered from
thioglycerol, on the instrument of Dr. Leary, Berkeley.
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6. Oligodeoxynucleoside Methylphosphonate NMR

One-dimensional spectra have been measured for a series of intermediates and
dimers. The activated monomer DMT-thymidine methylphosphonyl imidazolide gave
expected 'H and 31p spectra (Fig. 13), as did the separated diastereomers of thymidine
methylphosphonyl thymidine (Figs. 14,15). The expected 31P spectra were also
obtained for the protected diastereomers of DMT-thymidine methylphosphonyl
thymidine-acetate (Fig. 16).

For the trivalent route, 5'-dimethoxytrityl thymidine methylphosphinyl
diisopropylamide coupled very rapidly to 3'-O-benzoyl thymidine, as measured by 31P
NMR (Fig. 17). The expected 3 tp spectra were also obtained for 5'-dimethoxytrityl
thymidine methylphosphonyl diisopropylamidite reacting with 5'-activated 3'-O-acetyl
thymidine in the absence of tetrazole (Fig. 18). Tetrazole was eliminated expressly to
prevent epimerization, and its catalytic role was substituted by a proprietary 5'
activation of 3'-O-acetyl thymidine.
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Fig. 13. 'H and tp NMR of DMT'rthymidine methyiphosphonyl imidazolide peak from
Fig. 1, measured on the Varian 400 MHz of Dr. Cohen, NCI.
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Fig. 14. 111 NMR of putative R and S diastefeomers of thymidine methylphosphonyl
thymidine, in 21H20, measured on the NT 470 of Dr. Gorenstein, Purdue.
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Fig. 16. I'P NMR of DMT-T-methylphosphonyl-T-Ac peaks from Fig. 5, measured on the
Jeol FX90Q, USF.
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Fig. 17. 31P NMR of excess DMT-T methylphosphinyl diisopropylamidite and limiting 3'-

O-benzoyl thymidine, in C2H'I3CN, relative to phosphoric acid, measured on the JEOL

FX90Q, USF. A, prior to adding tetrazole; B, 8 min. after adding an equivalent of

tetrazole.
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Fig. 18. 3'P NMR of equimolar DMT-T methyiphosphonyl diisopropylamidite and 5'-
activated 3'-O-acetyl thymidine, in C2H3CN, relative to phosphoric acid, measured on
the JEOL FX9OQ, USF. A, shortly after mixing; B, at the end of the reaction.

Page 30



Wickstrom, Eric 350-38-9634

7. Antisense Oligodeoxynucleotide Inhibition of HIV Gene Expression

Prediction of the secondary structure of the known sequence of the tat gene
placed the initiation codon near the 3' end of a large loop (Fig. 19), so an antisense
oligodeoxynucleotide, 5'-dCATITCTTGCTCTCC, was prepared against nt 5399-5414 of
the HIV sequence (Sodroski, et al., 1985). Human T4 cells immortalized by HTLV-I are
attacked and killed by HIV in vitro; protection against the HIV cytopathic effect is a
useful screening technique for candidate therapeutics (Mitsuya and Broder, 1986). Our
anti-tat pentadecamer is currently being tested for its ability to protect immortalized T4
cells against HIV cytopathic effect in the laboratory of Dr. Samuel Broder, Clinical
Oncology Program, at NCI. The initial positive results showed large statistical
variations, but gave no false positives for a control non-AIDS oligodeoxynucleotide, and
no false negatives for cells plus oligodeoxynucleotie but without added virus (Fig. 20).
However, addition of oligodeoxynucleotide to clumped ATH8 cells gave no protection
against HIV virus, as opposed to the positive results obtained when the cells were in
suspension when exposed to oligodeoxynucleotide. Two further trials gave more
equivocal results than the first trial, with less significant protection of cells against viral
challenge, but in any case no false positives were seen in any trial with control antisense
sequences.

Fig. 19 predicts further single stranded targets between the 5' end and the
initiation codon, including a hairpin loop in the TAR sequence (TAT1), and another
loop 80 nt downstream (TAT3). The latter two sequences, as well as the 5' end (TATO)
and the initiation codon AUG (TAT9) were utilized as targets for antisense inhibition.
The anti-tat oligomers were assayed in the 3B9 indicator cell line which constitutively
expresses tat, and expresses /3-galactosidase under tat-dependent HIV-LTR control
(Bacheler, et al., 1989) in the laboratory of Dr. Lee Bacheler (Fig. 21), and in H9 cells
transfected with pH)XB2gpt (Fisher, et al., 1986) by Dr. David Looney in the laboratory
of Dr. Flossie Wong-Staal (Fig. 22). In both cases, TAT1 and TAT3 displayed significant
inhibition of HIV expression at 50 AM and above, but not TATO or TAT9.

Secondary structure calculations have also been carried out on the gag-pol (Fig.
23) and env mRNAs (Fig. 24) in order to predict single stranded targets in those
messengers. Antisense oligomer hybridization arrest will also be attempted at the newly
predicted targets.
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Fig. 20. Antisense oligodeoxynucleotide inhibition of HIV cytopathic effect on ATH8
cells. In each assay (Mitsuya and Broder, 1986), 2 x 10- cells were resuspended in 1 mL
RPMI 1640 with 11.5% fetal calf serum supplemented with recombinant interleukin 2,
and added to sterile vials containing lyophilized oligodeoxynucleotide. Cells were
challenged with HIV at 500 virions,cell after a 1 hr. incubation period, then grown for 9
days at 370 in 5% CO,. Titers of viable cells were determined by counting Trypan blue
excluding cells in a nemocytometer. Circles represent protection by 5'-
dCATTTCTTGCTCTCC, complementary to HIV nt 5399-5414, while triangles represent
protection by 5'-dTTGGGATAACACTI"A, complementary to VSV M gene nt 17-31. Filled
symbols represent cells challenged by HIV, while open symbols represent cells not
challenged by HIV, showing the lack of toxicity of the oligodeoxynucleotides. The
experiments were carried out by Dr. Makoto Matsukura in the laboratory of Dr. Samuel
Broder, National Cancer Institute.
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Fig. 21. Antisense inhibition of tat-dependent P-galactosidase expression in 3B9
indicator cells (Bacheler, et al., 1989). 3B9 cells were seeded at 16,000 cells per 100 AL
well in DMEM with 2°% LTSR (Sigma), a serum-free medium. After a day of recovery at
37' in 5% C02, the medium was replaced with fresh medium containing
ol igodeoxyn uc leo tide at the concentrations shown, and incubated for another 24 h.
Cells were then assayed for A-galactobidase activity, and cell viability by MTT tetrazoliumdye uptake. TAT: 5'-end; TAT: TAR loop; TAT3: nt 104-118; TAT9: AUG loop.
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Conc. TATO TAT1 TAT3 TAT9 Control
(/M) IFA/MNGC IFA/MNGC IFA/MNGC IFA/MNGC IFA/MNGC

100.0 +/+ -/- o/- +/+ +/+
50.0 +/+ -/- -/- +/+ +/+
25.0 +/+ +/+ +/+ +/+ +/+
12.5 +/+ +/+ +/+ +/+ +/+
6.3 +/+ +/+ +/+ +/+ +/+
3.2 +/+ +/+ 4-/+ +/+ +/+
1.6 +/+ +/+ +/+ +/+ +/+
0.0 -I- ./- -I- -I- -I-

Fig. 22. Antisense oligodeoxynucleotide inhibition of HIV p24 expression and formation
of syncytia. In each assay 4 x 104 SupTi ceils were added to each well and incubated for
1 hour at 37 degrees C, after which 10 x TCID-50 of a preparation of the HIV-1
molecular clone pHXB2D was added to each well. Wells were fed at 48 hours with 100
Al of media containing corresponding concentrations of oligomers freshly prepared
from 1 mM stock solutions in PBS. Oligomers TATO, TAT1, TAT3, and TAT9 are the
same sequences as in Fig. 2. Oligomers and PBS control were diluted 1:5 in RPMI 1640
media with 20% heat-inactivated fetal bovine serum, 1% Penicillin-Streptomycin, and 2
mM L-glutamine for use. Duplicate parallel dilutions were made into a final volume of
100 Al yielding concentrations of 100, 50, 25, 12.5, 6.3, 3.2, 1.6, and 0 AM. The 0 AM
sample was not challenged with the viral clone. After 4 days of incubation, each well
was inspected for the presence of multi-nucleated giant cells (MNGC), and cells from
each well were fixed and stained for HIV-1 p24 by indirect inimunofluorescent
microscopy (IFA).
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Fig. 24. Predicted secondary structure of the first 3,000 nt of HIV env mlNA, as in Fig.
19.
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8. Optimum Targets for Antisense Oligomer Hybrid Arrest within an mRNA
(Preprint in Appendix)

Recently, a series of different sequences complementary to predicted loops,
bulges, and helices between the cap and initiation codon of human c-myc mRNA have
been synthesized. HL-60 cells in culture were treated for 24 hr. with 10 AM of each
oligomer, plus controls. The cells were then metabolically labelled with [35S]Met, and
c-myc p65 antigen was analyzed by radioimmunoprecipitation. It was apparent that the
5' cap was an even better target than the initiation codon bulge, but that the region in
between presented poor targets for hybrid arrest. At the original target, a 12-mer was
not as efficacious as the original 15-mer, and an 18-mer was more effective. However,
the differences were not dramatic, as a simple thermodynamic model would have
predicted. We suspect that we are observing the effects of both RNase H attack, at all
locations, and genuine hybrid arrest, at the sensitive cap and AUG sites.

9. c-myc Transgenic Mice

In order to take advantage of their nuclease resistance and greater uptake by cells,
racemic oligodeoxynucleoside phosphorothioates and methylphosphonates have been
synthesized, and the latter displayed about half the efficacy of normal
oligodeoxynucleotides for antiproliferation of HL-60 cells (not shown). Following
experiments with cells in culture, the nuclease resistant antisense oligodeoxynucleoside
methylphosphonates will be tested for efficacy in transgenic mice carrying the HIV
genome. Parallel studies are already being done in transgenic mice carrying the c-myc
gene under the control of an immunoglobulin heavy chain enhancer (Adams, et al.,
1985). This work is being done in collaboration with Drs. Ralph Brinster and Richard
Palmiter, with the particular help of Dr. Brinster's postdoctoral fellow, Dr. Eric
Sandgren, who recreated the line for these experiments. Similar work will be done on
HIV transgenic mice, in collaboration with Dr. Gilbert Jay, NC.

The c-myc transgenic mice typically die by the age of 4 months of highly
malignant, disseminated B-cell and pre-B-cell lymphomas with associated leukemia. We
wish to see whether or not antisense oligodeoxynucleoside methylphosphonate therapy
can prevent or inhibit transgenically induced B-cell lymphoma in an animal model. As a
first step, we have found that we can detect overexpressed human c.myc p65 antigen in
the nuclei of transgenic lymphocytes by IFA, following shipment of frozen buffy coats
from Philadelphia to Tampa (not shown). This experiment was done twice, with
negative controls, single blind at our end.

The next step was 3 hr. of treatment with anti.c-myc oligomer, delivered by tail
vein injection to about 150 .M, which successfully suppressed human p65 expression
(Fig. 25). Injection of a scrambled sequence, or saline, had no effect. At a lower dose,
25 AM, no inhibition was detected. These experiments were done double blind, in
Philadelphia and in Tampa. We have also determined the levels of serum
oligodeoxynucleoside methylphosphonates at 3 min. after injection, and at 1 and 3 hr.
by reversed phase liquid chromatography of acetonitrile-deproteinized serum
supernatants (Fig. 26). The oligomer showed no sign of degradation, and the serum
levels dropped rapidly over the first hr., but appeared to level out thereafter (Fig. 27).
Perhaps the oligodeoxynuleoside methylphosphonates partition rapidly throughout
body tissues, which then provide a reservoir to maintain serum levels. Excretion by the
kidneys has not yet been determined.
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C D
Fig. 25. Indirect immunofluorescenu of Ieukoc -tes from human c-myc transgenic mice,

injected with 300 nmol oligodeox) nucleoside methyiphosphonate in 250 j±L PBS.

Aliquos of 250 /A of blood %~ere removed at 3 hr. Leukocytes were isolated, then fixed

with 1% paraformaldehyde, and stained with rabbit pol)clonal anti-c-myc IgG, followed

by fluorescein-conjugated goat anti-fabbiE IgG. A, normal mouse; B, transgenic mouse

injected with saline; C, transgenic Mouse injected with anti-c..myc oligomer; D,
transgenic mouse injected with scrambled oligomer.

Page 39



Wickstrom, Eric 350-38-9634

.,

. -

41

-~~ I**I I, . . Z .* . .

Fig. 26. Liquid chromatography of oligodeoxy Aucleoside methylphosphonates
recovered from serum samples of an individual c-my)c transgenic mouse. Aliquots of
250 AL of blood were removed at 3 min., 1 hr., and 3 hr. An equal volume of CH3CN
was added to each sample, and insoluble material was removed by sedimentation. Each
supernatant was passed through a 0.2 /.m filter, evaporated, redissolved in water, and
analyzed by liquid chromatography on a 4.6 x 250 mm column of C18-silica 5 Am
particles, eluted with a gradient from water to CH3CN, and detected by absorbance at
260 nm Chromatogram shows the 1 hr. sample.
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Fig. 27. Recovery of oligodeoxynucleubide methylphosphonates from serum samples of
an individual c-mycv transgenic mouse. Samples removed at 3 min., 1 hr., and 3 hr. V~ere
analyzed by liquid chromatography as in Fig. 14, and quantitated by integrated peak
areas.
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10. MHC Class IAntigens

We have received the cell line KE-2, which produLes a broad spectrum anti-MHC I
monoclonal antibody, and CV-1, which constitutively expresses MHC class I surface
antigens, from Dr. Robert Ricciardi (Vasavada, et al., 1986). The IKE-2 MAb
immunoprecipitates a strong MHC I band from peripheral blood lymphocytes of a
healthy donor, but very little from a similar number of HL-60 cells (Fig. 28). We are
currently investigating whether anti-c-myc oligomers, which down-regulate c-myc
expression, can in turn up-regulate MHC I expression in HL-60 cells. If this occurs, we
will then determine whether or not the treated cells become more susceptible to
cytotoxic T lymphocytes. Parallel experiments will then be done with HIV-transformed
human cell lines.

As a sidelight to the question of immune surveillance, a collaboration was carried
out with the laboratory of Dr. Louis Chedid on the relationship between peptide
secondary structure and immunogenicity (Lise, et al., 1989) (reprint in Appendix). The
peptides (NANP) 4 and (NANP)8 mimic the 37-fold repeated NANP epitope of
Plasmodiumfalciparum circumsporozoite protein, and are quite immunogenic; the
altered sequences (NANG)4 and (NANG)8 are much less immunogenic. CD spectra of
these sequences revealed that the immunogenic proline-containing wild type sequences
were almost entirely random coil, while the poorly immunogenic glycine-containing
mutant sequences displayed a small fraction of a-helical character. Hence,
immunogenicity correlated positively with a lack of secondary structure.
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Fig. 28. Fluorogram of denaturing polyacrylamide gel of KE-2 MIAb
radioimmuinoprecipitated MIIIC class I antigens from IIL-60 cells (lanes C, serum-free,
and G, with seruin) or adult human lymphocytes (lanies K, PILA-stimulated, and 0, non-
stimulated) metabolically labelled for 5 hr.
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11. DNA Receptors

Upon looking to see whether any of our cell lines displayed the putative DNA
receptor proteins characterized by Bennett, et al. (1988), preliminary
immunofluorescence studies of HL-60 cells with MAb 24T showed cell surface staining,
with some apparent capping (Fig. 29). We would like to determine whether or not
these antibodies inhibit oligodeoxynucleotide uptake, and interdict antisense
oligodeoxynucleotide inhibition of c-myc expression. If positive results are found, we
will then investigate whether or not oligodeoxynucleoside phosphorothioates or
methylphosphonates are taken up by this receptor. Partial trypsinization will also
provide a useful probe of the behavior of the putative receptor. A panel of transformed
cell types, as described above for MHC I studies, will be analyzed next, along with
unstimulated peripheral blood lymphocytes.
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Fig. 29. Indirect immunofluorescence of IIL-60 cells, stained with mouse monoclonal
anti-DNA-receptor IgG, then fluorescein-conjugated goat anti-mouse IgG. Top:
fluorescence; bottom: bright field (half-magnification).
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12. tat Protein Binding to RNA

The plasmid pSP6HIV+ 1 (Muesing, et al., 1987), which encodes the first 232 nt of
all HIV-1 mRNAs, was cbtained from Dr. Daniel Capon, used to transform competent E.
coli DH5a cells. Supercoiled plasmid, isolated from a 1 L culture, was restricted and
satisfactorily transcribed in vitro (Fig. 30).

Electrophoresis of mixtures of E. coli initiation factor 3 protein with the 3'-
terminal 49 nt fragment of E. coli 16S rRNA on agarose, according to Lowary and
Uhlenbeck (1987), demonstrated positive results (Fig. 31) in an analogous system which
we have studied extensively (Wickstrom and Laing, 1988).

When tat protein was incubated with the pSP6HIV+ 1 transcript, or with a similar
size transcript from VSV matrix gene, or three similar size E. coi transcripts, strong
binding of multiple copies of tat protein to all sequences was observed (Fig. 32). This
result agrees with Frankel, et al. (1988), but seems paradoxical in view of the strong
dependence of tat activity on the integrity of the loop sequence in the TAR region
(Feng and Holland, 1988). Perhaps the TAR loop forms a tertiary interaction with a
proximal sequence in the first exon, which is destabilized by nonspecific tat binding. If
tat is just a general single stranded RNA binding protein, then designing a tat-specific
inhibitor may be more difficult than if tat is found to bind to a specific sequence.
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Fig. 30. Transcription of IV TAR sequence. pSP6HIY+ 1 (Muesing, et al., 1987) was
restricted with Xho I and transcribed with SP6 RNA poly-merase, then analyzed by
denaturing electrophoresis on 4% polyacrylamide and fluorography of gel stained with
ethidium bromide (A), then autoradiography (B). Lane M. (DX174 DNA cut with Hae I11;
fragment sizes are shown in bp. Lane -. restricted plasmid alone; lane +. with SP6
polymerase added.
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Fig. 31. Gel mobility retardation of RNA by IF3 protein. E. coli ribosomes were treated
with cloacin DF13 to release the Y-terminal 49 nt fragment of 16S rRNA. IF3 alone, 10
/ig, was run in lane A, and bovine serum albumin alone, 8 jg, in lane G. The purified
RNA, 1 jg, was mixed with nothing (B), I Atg IF3 (C), 6 .tg IF3 (D), 10 /g IF3 (E), and 8
Ag bovine serum albumin (F), in a physiological salt buffer, then electrophoresed on
10% polyacrylamide in 50 mM Tris-HI3BO 3, pII 8.3, with I mM EDTA. The gel was then
stained with ethidium bromide, A, then Coomassie blue, B to visualize RNA and protein,
respectively. Upper arrow indicates IF3-RNA Lompiex; lower arrow indicates RNA alone.
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Fig. 32. Gel mobility retardation of RNA by tat protein. Unifoi mly 35S-labelled
transcripts were incubated without (lanes A, C, E, G, 1) or with (lanes B, D, F, H, J) 6 /IM
tat protein in 50 mM Tris-H3BO 3, 2 mM Mg(OAc)2, 1 mM EDTA, pH 8.3, for 5 min. at
370, then 30 min. at 00. Reaction mixtures were then electrophoresed on 6%
polyacrylamide in 50 mM Tris-H3BO 3, pH 8.3, 1 mMI EDTA, at 40, and the gel was
fluorographed. Transcripts studied included the 213 nt leader of E. coli infC (A, B), the
243 nt leader of E. coil infC a operon IF3 (C, D), the 3' 295 nt of the VSV M protein
gene (E, F), the 232 nt leader of HIV-1 (E, F), and the 212 nt portion of E, coli 16S rR.NA
from nt 679-891 (G, 1-D.
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Fig. I Inhibition of PHA-stimolated r-nipc protein expressioi. in PCi iplicrail blood lymphocytes by an .sntisense oligoincr to c mi mI nRNA
a, Unstimulateil lymphocytes stained with .inti-c-niyc .iiitibod , h, PIIA-stiinul,ated .clls stained with anti-c-tilyc antibody, c, PH A -;ioilated
cells stained with anti-c-nyc antibody whi.,h had been preincubated with a twofold excess of recombinant c-rn)c protein, d. PH-A stimulated
cells stained with irrelevant mouse IgGj, e, L-Inc antisense-pretreated, PHA-stimulated cells stained with anti c-rnyc antibody, f VSV Mi
protein antisense-pretreated, PHA-stimulated cells stained with anti-c.niyc antibody.
M~ethods: Peripheral blood niononuotear .cils were isolated from 20 ml venous blood of a normal donor by density centrifugastion Upon
isolation, the cells were comprised of 73% T lymphotyces, 10% B lymphotytes and 17% monocytes by flow cytometric analysis3 After 10 h
of culture, non-adherent cells consisted of 95%i T lymphotytes, 10% B lymrphocytez, and 5% monocytes Cell viability remained greater than
90%/ under alt conditions (as determined by trypan blue exclusion). Cells were cultured (37 0C, 5% C0 2, humidified atmosphere) at a
concentration of I x 10' ml-i k 10 per well) in a 96-well U-bottom nsirutitre plate (Costar) in RPM! 1640 containing 10% fetal bov.ine serum
and antibiotics kBRL). Some wells were pretreated with 30 OM antisense uligoiner to either human c myc mRNA or VSV M protein niRNA
Uligomer sequentes were tomplementay to the first 5 ioudoiis (starting from the initiation codon) of human c myc mRNA" and nucleotides
17-31 of \'SV M protein mRINA'a 2'. Uigoiner synthesis was performed as des~,ibed elsewhere"' and oligomers were purified by reverse phase
high-pressure liquid chromatography on a Cis Lolumn eluted with a 0-25% acetonitrile gradient in 50 mM triethyl ammonium acetate (prH 6 0)
After a 4-h incubation with or without oligoiners, PHA (2 Lg ml-') was added to all wells except the unstimulated controls Six hours later,
cells were removed and ientrifuged ontto iivisope slides witi a cyto,.entrifuge (Shandon, Inc.). After air drying for -30 min, thle Oiides
were fixed for 30 min in freshly prepared pairaloriideliyde k 1. mi Tris-bullered saline). After 3 washes in Tris buttered saline (cnmitainlng
I i normal goat serum), slides were staiiied with one of (lie followiiig. 1, niurine moiioclonal anti human c-niyc antibodyQ (I - 900 dilution
of ascitesi, 2, an irrelevant mouse ascites piepar~itiori of thie same iniunoglobulin class and concentration, 3, murine anti c rn~r antibody
which had been preincubaned with a twofoid ex,,ess of purified reombinatit human c fnyc protein 2 '. Thle staining procedure was that of Wiu
et ai.25, and was perlormed immediateiy alter iAtion as delayed siainmig resulted in a loss of nuclear loca~ization and appearance of cytoplasmic

anti-c-nmyc reactivity.
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Fig. 2. Inhibition ofc-mnyc protein accumula- /1 2 3 4b 1 2 3 4
lion following PHA-stimulation of peripheral
blood lymphocytes by an antisense oligomer of
c-myc. a, Western blot analysis. Lane I, PHA; "
lane 2, unstimulated; lane 3, myc nonsense pre-
treated/PHA treated; lane 4, myc antisense pre-
treated/PHA treated. b, Immunoprecipitation
of metabolically labelled cell lysates. Lane 1,
PHA; lane 2, myc sense pretreated/PHA C-myc--1'
treated; lane 3, myc antisense pretreated/PHA (62Kd)
treated; lane 4, unstimulated.
Methods. a, Following treatment conditions as C-myc-
described in Fig. 1, 5x 106 cells were washed (62Kd) y
twice in cold PBS, solubilized in sample loading ,
buffer (containing 2.mercaptoethanol), elec-
trophoresed on an 8% polyacrylamide gel,
transferred to nitrocellulose and reacted with a
murine monoclonal anti.myc antibody (3C7) as
described by Evan et al.19.The goat anti-mouse
second antibody nonspecifically reacted with another band larger than c.myc, which could be reduced in intensity by extensive washing of
the membrane. This other band does not appear if metabolically labelled samples are immunoprecipitated. b, Cells were labelled with I mCi
each of 3SS.methionine and 3'S-cystein during the time the treatments were administered as in Fig. 1 i10 h). After treatment, 5 x 106 cells in
each group were lysed in 0.01 M Tris-CI (pH 7.5), 0.144 M NaCl, 0.5% NP-40, 0.5% SDS, 0.1% Trasylol, 1 mM phenylmethylsulphonyl
fluoride and 10 mM iodoacetamide. After 30 min on ice (with vortexing every 10 min) the lysates were centrifuged at 10,000g for 10 mi. The
lysates were then adjusted to I ml and incubated for I h with 0.1 ml of protein A-coated Sepharose beads which had been pretreated with
normal mouse serum After centrifugation, the lysates were incubated overnight with protein-A coated Sepharose beads to which excess 3C7
antibody had been adsorbed. After 5 washes in lysis buler to which 0.5% deoxycholate had been added, the bead pellets were resuspended
in 4x sample loading buffer (containing 2-mercaptoethianol), boiled, electrophoresed and analysed as described by Hann et al.20.

within a few hours of mitogen addition to T lymphocytes and some diminuation in c-myc expression (data not shown). Pre-
has been suggested to be important in the Go to G, transition 2".3.  treatment with c-myc antisense markedly inhibited the synthesis
Interestingly, antibodies directed against the c-nmyc protein of c-mnyc protein as detected by immunoprecipitation of meta-
inhibit DNA polymerase activity in nuclei isolated from human bolically labelled material (Fig. 2b). Preincubation with VSV M
cells14. But accumulation of c-inyc transcripts is not sufficient protein antisense, c-myc sense, or c.niyc nonsense oligomers
to support T-lymphocyte proliferation'- " . Whether c-myc had little inhibitory effect on c.myc expression (Fig. If; Fig. 2a,
induction is required for proliferation is not known. We have lane 3; Fig. 2b, lane 2).
addressed this question by attempting to inhibit c.nyc protein At 20 h after mitogen stimulation, the c-myc protein level of
expression with antisense oligomers. Freshly isolated peripheral control lymphocytes was lower than at 6 h, but it was still
blood lymphocytes, considered to be Go cells, were used in these inhibited in the c.rnyc antisense pretreated cells (data not
experiments. An oligodeoxyribonucleotide complementary to shown). Thus, consistent with the findings of Persson et al.4,
the first five codons of human c-mnyc messenger RNA (5'- c-inyc protein levels follow a time course similar to that pre-
dAACGTTGAGGGGCAT-3'), which were predicted to form a viously reported for c.myc gene transcription'-'2 , and one addi-
large hairpin loop", was added to cells at a final concentration tion of antisense oligomer is sufficient to inhibit appearance of
of 30 .M 4 hours before addition of the mitogenic lectin, the c.myc protein substantially throughout this time course. But
phytohaemagglutinin (PHA-P, Sigma), As a control, the same if PHA is added 24 or 48 h after oligomer pretreatment, c-myc
concentration of a pentadecadeoxyribonucleotide complemen- protein can be induced to the same degree as in the PHA control
tary to nucleotides 17-31 of vesicular stomatitis virus (VSV) M samples (data not shown). These results, taken together with
protein mRNA was used (5'-d'TGGGATAACACTTA-3'; ref. viability studies (by trypan blue exclusion) made at 72 h after
18). In addition, oligomers termed 'sense' and 'nonsense' were PHA addition, suggest that oligomer addition itself is not toxic
studied. The c-niyc sense oligomer was complementary to the and that the oligomer s sufficiently degraded within about 24 Ih
antisense construct, while the nonsense oligomer contained the to be ineffective.
same bases as the antisense construct, but these were randomly Using c.myc antisense, we then examined the effects of inhibi.
scrambled (5'-dCTGAAGTGGCATGAG.3'). Intranuclear c- tion ofc-myc protein expression on PHA-stimulated cell prolife.
myc protein was detected in cytospin preparations (10' cells per ration. Initial attempts to study proliferative capacity using
slide) using a murine monoclonal anti-human c-niyc antibody 3H.thymidine proved impossible as both oligomers reduced
(provided by Dr G. Evan' 9), C.myc protein was also quantified 3H.thymidine incorporation into cellular DNA by >80% (cells
by Western blot analysis as described by Eva et a.9 and by were pulsed at +72 h for 4 h with 1 .Ci 1-Ithymidine). Synthetic
immunoprecipitation of 35S.cysteine and "-methionine meta- oligomers have previously been reported to reduce 3H-thymidiie
bolically.labelled cell lysates as described by Hann et al 2°. incorporation into cellular DNA nonspecifically". Eighteen
Resting (Go) T cells possessed no detectable c-myc protein hours after addition of d.(Tp)8[3H]T, a tritiated dT homo-
reactivity (Fig Ia; Fig. 2a, lane 2). However, within 6 h of PHA octamer, to mammalian cells, only 70% of the label remained
addition, 30-40% ofthe cells demonstrated strong nuclear reac. associated with the oligomer, whereas the other 30% was found
tivity with the c-myc antibody (Fig. lb; Fig. 2a, lane 1). Prior associated with thymidine triphosphate and cellular DNA,
incubation of the antibody with recombinant c-rnyc protein2' indicating the occurrence of intracellular oligomer degradation
completely blocked the staining (Fig Ic). Staining with a non- with subsequent reuse of the thymine base 22. When a d-(Ap)sA
reactive mouse ascites of the same isotype and the same (dA homo-octamer) ana!ogue was tested, it had no effect on
immunoglobulin concentration also produced no reactivity (Fig. H-.thymidine incorporation assays22. As the oligomer com-
Id). Preincubation of the cells for 4 h with 30 f.M c-myc anti- plementary to c-myc contains three T's and the oligomer com-
sense, markedly reduced the number (to 10%) and intensity of plementary to VSV M protein contains five T's, these reagents
c-rnyc protein positive cells 6 h after PHA addition (Fig. le; could significantly increase the intracellular thymidine pool at
Fig. 2a, lane 4). Antisense concentrations lower than 30 1.M +72 h, thereby greatly diluting the specific activity of this pool
were less inhibitory, although doses as low as 15 fLM produced after pulse-labelling with I p.Ci exogenous thymidine. To cir-
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Table I Illcct of :In antiscnqc oligodcoxyriboucleotidc ComllICnicn- b,
tary to c-nyc mRNA on mitogen-stiuiulated lymphocyte prolileration

Mitotic 0 h
GO/G 1  S G2/M index 0

(%/) (%) (%) (%) .

Untreated cells 78 8 14 <1 0
(78,78) (7,9) (13,15)

PHA-stimulated cells 53 24 24 5 P.

PHA-stimulated cells (52,54) (20,27) (21,26) 0A
Pretreated with antisense 50 30 20 4
to VSV M protein mRNA (50,50) (30,30) (20,20)

PHA-stimulated cells
pretreated with antisense 78 7 16 <1
to c-rnyc mRNA (73,82) (3, 10) (15, 17) i.

Freshly isolated normal peripheral blood lymphocytes were cultured
as described in the legend to Fig. I. Some wells were pretreated for 4 h d '  ,
with 30 p.M oligomer complementary to either c-inyc or VSV M protein y... '
mRNA. All wells except the unstimulated controls then received
2 p.g ml-' PHA. Three days later, cells were removed and DNA cell-cycle
phase analysis was performed according to the method of Braylan el"
al.26. Essentially, cells were washed in phosphate-bullered saline, lixed 01 !'q
for I h in 50% ethanol at 4 °C, incubated with 500 units ufl-t RNasc A
(Worthington; boiled to destroy contaminating l)Nasc activity) for
30 min at 37 °C, and incubated for 30 min at room temperature with
propidium iodide (25 i.g m,', Calbiochem). Samples were analysed on q Aga
a FACS II flow cytometer (Becton.Dickinson FACS Systems) using the
488-nm line of an argon laser for excitation. Quantification or cell-cycle
phase distributions was petreL'ned on au integrated PDP 11/34 com-

puter (DEC) using software developed by the )ivision of Computer
Research and Training, NI H2. We have routinely observed that 75-85% '

of freshly isolated peripheral blood lymphocytes are iii G,,/(11, whereas
45-55% of continuously proliferating cells ire in U4/C 1 at any given ..,.

time. The cell-cycle data are expressed as the mean of two separate
experiments with the individual values in parentheses. Mitotic indices Fig. 3 PHA-stimulated blastogenesis after c-myc antisense pre-
were determined on 72-h PHA-stimulated sam'ples with or without treatment. Peripheral blood lymphocytes were isolated and cul-

antisense oligomers. Cells were centrifuged onto glass slides and stained tured as described in the legend to Fig. and Table .Three days
with Wright's stain. The number of mitoses per 1,000 cells was then after PHA treatment, cells were centrifuged onto glass slide% and
determined microscopically. The mitotic index for PIIA activated lyie- stained with Wright's stain to reveal basic cellular morphology.
phocytes typically averages about 5% (ref. 28). Pretreatment with antisense oligomer to either c.mvc (e) or VSV

M protein (d) did not prevent PHA-stimulated blastogenesis (b)
when compared to unstimulated controls cultured for 3 days (a).

cumvent this difliculty, we assessed proliferation using two
independent techniques-DNA cell-cycle analysis and determi-
nation or mitotic index.

DNA histograms were generated at 72 h after P IA addition antisense pretreatment, the expression of the prolilerttion-

(Lable 1). Cells were fixed, reacted with tie DNA intercalating associated genes for IL-2R and TfR, which are known to be

dye propidium iodide and analysed by flow cytometry. Of the activated subsequent to c-nmyc'; and induction of 'H uridine

untreated cells, 78% remained in Go/GI at this time, whereas incorporatwn. Expression of IL-2R and TfR was examined 48 i

only 53% of the stimulated cells did so. Although pretreatment after PHA addition. Prior exposure to c-inyc antisense did not

with ',SV M protein antisense had no elle,.t on the proliferation block the mitogen stimulated appearance of these receptors on

of PHA-treated cells (50% in Go/Gi), pretreatment with c-myc the cell surface (Table 2). As TfR is known to be expressed after

antisense resulted in 78% of the cells remaining in GO/Gj 72 1l-2R expression in late G, (refs 1, 3, 16), our data indicate that

hours after mitogen addition. These results were tonfirmed by even when c-myc protein expression is substantially reduced,

quantifying the mitotic indices of cell populations 72 h after the cells are able to traverse from Go to O and into late Gi It

PHA stimulation in the presence or absen.e of antisense has been shown previously 2that IL-2R may be induced in the

oligomers (Table I). The mitotic index is another measure of a absence of c-mc induction2 , consistent with the fact that IL 2R

cell population's proliferative .apaity beiause mitoses can be gene transcriptional activation is not dependent on protein syn

observed only in cells which have attained a tetraploid DNA thesis'. Our results suggest that TI'R expression is also indepen

content before actual cell division. Mitotic indi,.es were deter- dent ofc-ni)c expression, although we cannot rule out a depen-

mined lroin W rilght s stained-cell preparatiiis siiiiilar to those dence on the very low levels of c-nYc protein observed in c-mri'r

pictured in 1-ig. 3 and were lound to be rcdu.cd by more thiin antisense-treated cells. On the other hand, IL-2R and "iR

80 o in c-myc anisense pretreated -sultures toiumlaiable to the expression are not sufficient to support DNA synthesis in the

frequency seen in unstimuiated ,.ells). 1VSV NI piotein aitisense absence of normally induced amounts of the c-nyc protein

pretreatment did not atle,t the mitotic index. C-niic antisense Uridine incorporation was monitored 18-24 and 24-48 h after

pretreatment thus inhibited PHA-stimulated DNA synthesis, PHA stimulation (Table 2). C.rnyc antisense pretreatment failed

indiceating that c-myc protein expression is required fur this to to blo,.k PHA-stimulated induction of3 H uridine incorporation

occur. measured at either time point, supporting our hypothesis that

We next studied the elects of inhibitioii of c-nit protein c-mi.c antisense-pretreated cells are capable of entering (, upon

expreision on 6i,,to i traversal by follow iig the iiorwholog.I, PIIA stimulation. In accordance with this observtitmn, the

changes induced by PHA in the presence and absene of i.-?nm. morphological alterations characteristic of lymiphoc)te



NAIURE-VOL-328 30 JULY 1987 LETTERS TO NATURE49

7. Smith. M.. R., DeGudiclbos, S. J. & Stacey. 1). W. Nature 320, 540-543 (1986).Table 2 Eflects of anantisense oligodeoxyribonucleotide coinpiemen- 3Smith, C. C, Aurelian. L. Reddy, M. P.. Miller, P. S. & Ts'o. P. 0. Proc. main Acad. Sri
tary~~~~~~~~~~~~~~~~ to cmcm AonmognsmuadI2rcpoeprso, SA. 83, 2787-2791 (2986).taryto -my mRA o mitgenstiulaed L-2 ecetorexpesson, 9. Zamecnik, P C., Goodchild, .t., Taguchi, Y. & Satin, P. S. Proc. mai. Acad. Sc. U S.A. 93.transferrin receptor expression and 3H--uridine uptake 4143-4146 (1986).

10 Slake, K. R. er at Biochemistry 24, 6139-6145 (2985).
% Positive cells 3 H-uridline 22. Wickstrom, E. L, Wickisrom, E.. Lyman, G. H. & Freeman. D. L Fedn Proc. 45,.2708 tabs)

IL.2 Transferrin incorpr 2 (1986).
rpor- t2.Kelly, K., Cochran, B. Hf.. Stiles. C. 0. & Leder, P. Cell 35, 603-610 (2983).receptor receptor ation (c.p.m.) 13. Reed,J. C., Nowell, P.C. & Hoover. R. 0. Proc. matn. Acad. ScL. USA.82,4221-4224 (2985).

24. Studzinski, 0. P., Brelvi, Z. S., Feldman, S. C. & Watt, R. A. Science 234. 467.470 (1986).tinstimulated cells 8 1 506 23. Moore.J. P.,Todd,J.A., Hesketh, R.&Metcalre,J.C..bsol Chem 261,8158-8162t1986).
(8, 8) (0. I) (424-911) 26. Neckers, L M., Bauer, S.. Mc~lernen, R. C., Trepel, J. B., Rao, K. & Greene, W. C. Mdclc.

PHA-stirnulated cells 40 30 1091 e) Vilt 6,4244.4250 (2986).
(32,47) (23 37) (89-276) 7. Leder, A., Pattengale, P. K., Kuo, A., Stewart, T. A. & Leder, P. Cell 43, 485-493 (2996).(32,4) (2337) 898-226) 28. Wickstrom, E., Simonet, W. S, Medlock, K. & Ruiz.Robles. I Blophys.JA.49,125-17 (1986).PHA-stlmulated cells 33 21 1454 19, Evan, 0. L,. Lewis, G. K., Ramsay, G. & Bishop, M. Mole, cel. Biot 5, 3610-3616 (2983)

pretreated with anti- (30, 35) (16, 26) (953-1470) 20. Hlann. S. R.. Thompson, C. B. & Eitenimsn. R. N. Nate 324. 366-369.
sense to c-myc mRNA 22. Watt. R. A.. Sratzmon. A. R. & Ronenbeeg. M. Molec. cell Biot.S, 44A.4$6 (1985).

PHAstiulaed ell 3726 19722. Miller, P. S., MeParland, K. B., Jayaraman, K. & Tso. P. 0. Biochemistry 28, 1874-1880

pretreated with anti- (31, 42) (23, 29) (1011-1324) 23. Wickstrom, E.3. flinchem. flhnphys Mesh 13.97-102 (1986).sense to VSV MI Protein 24 Beaucage, S. & Caruthers, M. Hf. Tetrahedron telt. 22, 1859-1862 (2982).
__________________________________________________________ 25 11su, S. .. Raise. L A Finger, Hf Am. J. cin. Pathk 73, 734-738 (29521).

26 Braylan, R. C., Benson, N. A., Nourse, V. & Keuth, H. S. Cytomesry 2, 337-343 (12982)Peripheral blood lymphocytes were cultured as described in legend 27. Neckers. L M., Funkhouser, W. K., Trepel, J. B., Cotaman, J. & Gratzner, H. G. Eop) Ce))
to Fig. 1. Two days after PHA treatment (2 Jtg ml-t) cells were analysed Res 136, 429.438 (12983).
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med ustng a FACS 11 flow cytometer as described elsewhere7 . Data are
expressed as the tmean percent positive cells frotm two experimensts with Kinetics of flight miuscles fromi isects
the Individual values in parenthteses. Uridine inscorporation was deter- 'hdfee twn b a rq e cemined by labelling cells with I jiXi m-1 3H-uridine (Dupont/NEN, withdfee tw n etfeq e c s
38.9 Ci mmol'1) within 18-24 hT of PHA treatment. Cells were harvested
by precipitation with trichloroacetic acid and filtration through What-
man GFC filter disks. Acid precipitable radioactivity was determined J1. E. Molloy, V. Kyrtatas, J. C. Sparrow
by liquid scintillation counting. Data are expressed as the median value & D. C. S. White*
of three determinations with the range in parentheses. Uriditie incorpor-
ation was also determined within 24-48 h of PHA addition. Acid. Department of Biology, University of York, York Y01 SDD, UK
precipilable radioactivity was then increased 7.8-fold above control in
the PlIA group, 5.6-fold in the c-ntyc anhisense group and 4.5-told in
the 'ISV antisense group. Small Insects usually beat their wings at a higher frequency than

large Insects. For energetic reasons, the wlngbeat frequency Is
mitogenesis were not blocked by c-rnyc antisense pretreatment close to the natural resonant frequency of the wing movement"-3
(Fig. 3). The cells underwent a marked increase in size and In the flight muscles of many insects, termed fibrillar muscles, (lie
decrease in nuclear to cytoplasmic ratio following PHA treat- contractions are myogenlct the muscle Is only partially activated
ment. Furthermore, the metabolic rate of c-lllyc antisense pre- by calcium; full activation requires mechanical stretch. Demnei-
treated cells (as measured by pH of the culture medium) was branated fibres can be stretch-activated In vitro, allowing both
as great as that of the PH-A controls (data not shown). These tension changes and the ATPase activity of the fibres to be
results do not support a role for c-nlyc in the Go to G, transition monitored. The tension response to a sudden length change shows
process of normal T lymphocytes, unless the greatly diminished a large delayed tension component (Fig. 1), whose rate-constant
level of c-nmyc protein detected in the c-nsyc antisense treated determines the frequency at which the muscle can deliver maximumii
cells is sufficient Rather, the c-rnyc gene product would appear power to the wings. We show here that this rate-constant Is roughly
to be critical for S phase entry and ' or S phase traversal. This proportional to wlngbeat frequency In the flying Insect, We find
would be consistent %Nith the recently suggested involvemenst of that the ATPase rate Is slower and Is not related to the rate-constant
the c-rnyc protein in DNA synthesis'. of tension production, and show that insects with widely different

We have shown that antisense oligonucleotides can be used wlngbeat frequencies have muscles with similar mechanical powver
to inhibit the expression of the c- tyc protein in mitogen-stimu- output. We conclude: (1) that the rate-lItItng step In the cross-
lated lymphocytes, allowing study of the role of c-mnyc gene bridge cycle, which limits the ATPase activity, follows the state
expression in lymphocyte mitogenesis. Furthermote, thte use of in which maximum active tension Is produced and does not littit
sequence specific antitense uligomers may allow study of the the rate at which tension Is generated; (2) that the first tension-
functions of other intracellular proteins, generating state Is probably an actoimyosin.ADP.Pi state; and (3)

0 S. was a visiting fellow supported by the Deutsche Kreb- that a preceding step, probably an actomyosln.ADP.Pi lsoineri-
shilfe e v , Dr Mildred Scheel Stiftung, Federal Republic of ation, which controls the rate-constant for force generation, Is
Germany. We thank David Pushkin for oligomer purification, faster In smaller Insects than In larger ones.
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Cancer Society (Florida Division), Leukemia Society of species either by tape-recording the sound of the flying inset
America, and the University of South Florida Reseat,, Cuuncil. and (henl replaying the tape through an oscilloscope, or b

mounting the insect on a gramophone pickup and recorditng 021
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flight in the waterbug Letiwcc-us colossicus; the wingbeat
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ABSTRACT The human promyelocytic leukemia cell line Inducing quiescent cells to proliferate leads to a rapid
HL-60 overexpresses the c-myc protooncogene. A calculated accumulation of c-ntyc mRNA upon entering the cell cycle,
secondary structure for c-myc mRNA placed the initiation followed by a decline prior to the onset of DNA synthesis (9).
codon in a bulge of a weakly base-paired region. Treatment of However, DNA synthesis may be suppressed by antibodies
HL-60 cells with 5' d(AACGTTGAGGGGCAT) 3', comple- against c-myc protein, which suggests that the c-myc protein
mentary to the initiation codon and the next four codons of may be required for entry into S phase (10). Furthermore,
c-myc mRNA, inhibited c-myc protein expression in a dose- c-mnyc mRNA levels decline in HL-60 promyelocytic leuke-
dtpendent manner. However, treatment of HL-60 cells with 5' mia cells that have been induced to differentiate into granu
d(TTGGGATAACACTTA) 3', complementary to nucleotides locytes by exposure to dimethyl sulfoxide (Me2SO) (11),
17-31 of vesicular stomatitlis virus matrix protein mRNA, although it is not known whether the reduction in nuclear p65
displayed no such effects. These results agree with analogous modulates the differentiation or is simply another manifesta-
studies of normal human T lymophocytes [Heikkila, R., tion of cellular differentiation. Hence, it is possible that
Schwab, G., Wickstrom, E., Loke, S. L., Pltznik, D. H., reducing the level of c-nmyc mRNA translation may be suffi-
Watt, R. & Neckers, L. M. (1987) Nature (London) 328, cient to induce differentiation and reverse transformation.
445-4491, except that only one-third as much oligomer was Antisense oligodeoxynucleotides were first used for hy-
needed for a comparable effect. Proliferation of HL-60 cells in bridization arrest of Rous sarcoma v;:us (RSV) gene expres-
culture was inhibited in a sequence-specific, dose-dependent sion in chicken embryo fibroblasts (12), and comparable
manner by the c-myc.complementary oligomer, but neither the results were obtained for another retrovirus, human immu-
oligomer complementary to vesicular stomatitlis virus matrix nodeficiency virus (13). Intercalating derivatives have
protein mRNA nor 5' d(CATTTCTTGCTCTCC) 3', comple- shown similar activity against some viral genes (14), whereas
mentary to nucleotides 5399-5413 of human iminmunodefi- alkylating derivatives have been found effective against two
ciency virus tat gene mRNA, inhibited proliferation. It thus neoplastic cell lines (15). Nuclease-resistant oligo(deoxynt,-
appears that antisense oligodeoxynucleotides added to myc- cleoside methylphosphonate) derivatives have proved useful
transformed cells via culture medium are capable of eliciting for antisense inhibition ofglobin. herpes simplex virus 1, and
sequence-specific, dose-dependent inhibition of c-myc protein vesicular stomatitis virus (VSV) (16-18).
expression and cell proliferation. When the secondary structure of VSV matrix (M)-protein

mRNA was calculated, nucleotides (nt) 17-31 were pre-
Normal proliferative genes that are abnormally active in dicted to occur in a helical region, whereas nt 34-48,
cancerous cells are called protooncogenes (1). Cell transfor- including the initiation codon, were predicted to occur in a
mation may be caused by inappropriate expression or re- loop. The pentadecamer complementary to ntl7-31 of VSV
sponse of protooncogene products during cell proliferation. M-protein mRNA appeared to inhibit translation of all VSV
Amplification, translocation, overexpression, or abnormal messages in rabbit reticulocyte lysate nonspecifically,
regulation of the the protooncogene c-nyc has been observed whereas the pentadecamer complementary to nt 34-48 in-
in a wide variety of human leukemias and solid tumors (1, 2) hibited M-protein expression specifically (19). In the studies

The c-nmyc protooncogene is an evolutionarily conserved reported here, an antisense oligodeoxynucleotide directed
gene found in all vertebrates, and blot hybridization of against a predicted hairpin loop containing the initiation
electrophoretically fractionated RNA indicates that c-myc codon of human c-inyc mRNA elicited sequence-specific,
mRNA is expressed in most normal dividing cells (1) consti- dose-dependent inhibition of c-niyc gene expiussion and cell
tutively throughout the cell cycle (3). The c-myc gene codes proliferation in c-inyc-transformed cells.
for a 49-kDa polypeptide and expresses a nuclear protein
with an electrophoretic apparent molecular mass of 65 kDa MATERIALS AND METHODS
(p65) (4). Immunostaining studies indicate that p65 is located Secondary Structure and Thermodynamic Predictions.
in the same subnuclear compartments as small nuclear Folding of the 2121-nt c-myc mRNA from K562 cells (20)
ribonucleoproteins (5). The hydropathy profile of p65 shows was predicted using the algorithms of Jacobson ei al., (21),
68% homology with the 289 amino acid protein encoded by with the nearest-neighbor-dependent free energies of Freier
early region 1A of adenovirus type 5 and significant homol- et al. (22) at 370C ir 1 M NaCI. Therniodynamic calculations
ogy %% ith polyoma large tumor antigen (6). Either of the latter
nuclear proteins may collaborate with .- itm to transiorm Abbreviations. p65, 65-kDat c-tn)t protein, VSV, ,esi.ular stoma
primary cell cultures (7, 8), analogously to c-myc. titis virus. M protein, matrix protein; Me2SO. dimethyl sulfoxide;

nt, nucleotide(s).
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of association constants for synthetic antisense ohgodeoxy- IgG (Sigma), rabbit anti-13-actm (ICN), or rabbit anti-p65 (28)
nuc!eotides hybridizing to single-stianded regions of mRNA followked by fluorescein-conjugated goat anti-rabbit IgG
were based on the same free energies. No correction of the (Sigma), washed, and resuspended in 1% paraformaldehyde,
free energies was made for RNA-DNA hybridization, instead as described (29), and then was observed by light and
of RNA.RNA hybridization, nor was any correction made fluorescence microscopy. For radioimmunoprecipitation,
for topological constraints on RNA loops or bulges. samples of 2.0 x 106 HL-60 cells were each resuspended in

Cell Culture. HL-60 cells (23) were grown in RPMI 1640 2 ml of fresh medium and grown for 6 hr in the presence of
medium with 10% or 20% heat-inactivated fetal bovine target and control oligodeoxynucleotides added to the cul-
serum, and Q8/MC29 cells (24) were grown in RPMI ture medium. Each sample was sedimented after 6 hr to
1640/Dulbecco's modified Eagle's medium (1:1) with 5% remove medium containing olfgodeoxynuclcotide, washed,
heat-inactivated newborn ca!f serum, 1% chicken serum, and then resuspended in 0.5 ml of cysteine-free RFMI 1640
and 0.1% MeSO, with 10' units of penicillin and 0.1 g of (GIBCO) supplemented with [35S]cysteine 1022 Ci/immol;
streptomycin per liter in both media. Cells were incubated at du Pont/New England Nuclear) at 250 /Ci/ml. Each culture
37C in 5% CO, saturated with water vapor and were was grown for an additional 1.5 hr; then the cells were
maintained in logarithmic growth phase; titers of viable cells sedimented and lysed and the lysates were analyzed by
were determined by counting trypan blue-excluding cells in a immunoprecipitation followed by electrophoresis and fluo-
hemocytometer. rography as described (30). Fluorograms were scanned with

Oligodeoxynucleotide Synthesis, Cellular Uptake, and Sta- an LKB Ultroscan laser densitometer.
bility. Pentadecamers were prepared for antisense hybridiza- Inhibition of Cell Proliferation. HL-60 cells were diluted to
tion-arrest experiments. This length was selected in order to 101 per ml in 1.0-ml aliquots of growth medium supple-
allow very strong binding to single-stranded regions of mented with antisense oligodeoxynucleotides. Each sample
mRNA, or adequate binding to regions that already have m ened i antisn olidoxynotides E sample
some secondary structural or tertiary structural limitations. was pe e r 5 das into 3 cells if a well
A probe with 15 residues should be just barely sufficient for microtiter plate. After 5 days of growth, the cells i each well
theoretical uniqueness in the human genome, particularly for were resuspended in 0.3 ml of phosphate-buffered saline,
those sequences expressed as mRNA. Previous investiga- and 0.1-mI aliquots were removed for staining with 0.1 d of
tions have demonstrated efficacy with antisense oligodeoxy- 0.4% trypan blue and counting. Treated and untreated cells
nucleotides of 8-26 residues (12-29). Ohgodeoxynucleotides showed 98-100% viability after 5 days of growth, and
were synthesized (25) automatically and purified by re- untreated cells typically showed a 10-fold higher titer, about
versed-phase liquid chromatography or gel electrophoresis. 10' cells per ml. Q8/MC29 cells were treated similarly,
Their sequences were checked by chemical sequencing (26). multiplying 10-fold in only 3 days. At this point, the culture
For studies of oligodeoxynucleotide uptake and stability in medium was aspirated off, and the cells in each well were
cells, oligodeoxynucleotides were 5'-labeled with 5'-[ly- trypsinized and resuspended in 0.30-ml of phosphate-
[SiSthiojATP (1276 Ci/mmol; 1 Ci = 37 GBq; du Pont/New buffered saline prior to counting as above. Cell counts were
England Nuclear) by use of bacteiiophage i'4 polynucleotide converted to pcicent inhibition by 100 x (N,, N)/(N,, -
kinase and were purified by denaturing gel electrophoresis N,,), where N, is the normal titer at the beginning of the
(27). For each time point, 5 A 10' cpm of 5'-1 S-labeled experiment, N,, is the titer for untreated cells after I days of
oligodeoxynucleotide was added to 4 A. 10' HL-60 cells in growth, and N is the titer for treated cells after n days. Error
0.5 ml of RPMI 1640 with 10% heat-inactivated fetal bovine bars on points represent one standard deviation.
serum. Each sample was incubated at 37°C for 1, 4, 8, or 24
hr and then sediniented 3 min at 15,000 x g. The supernatant RESULTS
was removed and saved, and the cell pellet was washed once
in 0.5 ml of phosphate-buffered saline (10 mM Na2HPO4 , pH Prediition of Antisense Targets and 'rhermodynainics. Cal-
7.4/150 mM NaCI) and sedimented again. Ihe supernatant .ulation of a predicted secondary structure fur the entire
was removed and sa~ed, and the .ell pellet %as lysed in 0.1 2121-nt human c-m)t, mRNA from K562 human erythroleu-
ml of Tris-buffered sline 10 mM iis IICI, pi1 7.4, '. mM kemia .ells (20) placed the initiation .odon at the beginning
NaCI) with 1? NauodSO4 and then extrac.ted w ith 0.1 ml of of a Large bulgc loop in a we.,kly base paired rt.gion (result
phenol. The aqueous phase was .cn1,,eCd, and the phenol not shown), suggesting that these codons might be readily
phase was extracted with 0.1 Lid ot water. Aliquots of the available for hybridization arrest by an antisens: oligo-
.ombined aqueous cxtracts, .cll wash, aiid ,.ulture medium deux) nucleotide. A prelininay .alculation of thc ,ecundar.
supernatant were analyzed by liquid s,.itillation counting. structure of 400 nt of the ,,me mRNA, cent.red on the
The per.cnt of oligudcuxyrnuleotides takcn tip by the 4.ells initiation udun, similarly pla.ed the initiation .udoii aiid
was .ak.ulated by dividing ..ounts in the .obined aqueous eight following -odurs in a bulge loop, though differen,.
phases of the bell-pellet exti at by the total of the ,.ounts in were apparent in neighboring sei.ondary stru.ture doniain,
the %.ell pellet, tell wash, and ..ulture niedium supernatant. due to long-range interai.tions in the messenger (31).
To determine oligudeoxytiu,.leotide stability, aliquots of the r-rom the predicted structure, the initiation .odur. and the
.ombined aqueous phases, and of the culture nedium super- next four .odons, nt 559-573 of human c-m)1 niRNA t20),
natant frattion, were l.ophilzed, redissolked in 30 dl of 80% were selected as a single stranded target, and the .omple
deionized formarnide including 0.01% xylene t.yanole FF mentary pentadecadeoxynucleotide, 5' d(AACGTT-
and 0.01M% brontolienol blue, and then ele.ophotesed in a GAGGGGCAT) 3', her-:after .alled the anti c it. oligonier,
denaturing 20% pul.ywa.r),laitide gel and fluoiographed. was synthesized. In order to ..ontrol for sequclinc 'pcifi-

Hybridization Arrest uf Translation. I ansl,,tion of . ni., effec.ts, two other peitadecadecamers were pi .pared. the
mRNA into p65 was detected by indirect immunolluores- anti-VSV oligomer, 5' d(TTGGGATAACACI2A) Y, .om-
.en.e aiid radioimniunupre.ipitatioi. For indirct immuno plementary to nt 17-31 of VSV M-protein mRNA (32), w hih
fluurcs.ence, samples of 1.0 A 10' HL 00 c.ells "cre ea.h nonspecifically inhibited translation of VSV mRNAs (19) but
resuspended in I ml of fresh medium and grown foi 6 hr in differed from the anti-c.-M)n sequenc.e in 13 out of 15
the presence of target and control ohgodeoxy nucleotides residues, aiid the anti-tat oligomer, 5' d(CA'TI CTI GCTC
added to the culture medium. Eat.h sample ..as pelleted, TICC) 3', complementary to nt 5399-5413 of the human
washed, fixed with 1M paralormaldehydc, pLc-adsorbed immunodefi ien.y virus tlat gene (33), differing in 12 out of
with 1% normal goat serum, incubated with normal rabbit 15 residues.
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Thermodynamic calculations for the association of 5' -- 0 1 4 8 24 1 4 8 24
d(AACGTTGAGGGGCAT) 3' with its complement on 0 1 4 8 24 1 4 8 24
c-myc mRNA yielded an association constant of 3.2 x 106. 'i,

This approximate result suggests that stoichiometric inhibi-
tion should be possible (i.e., at a ratio of one oligodeoxynu- .,.. '
cleotide per mRNA) for cells in culture in an ideal case VP-

assuming no degradation of oligodeoxynucleotide, efficient ,". X I
cellular uptake of oligodeoxynucleotides, uninhibited diffu- ' -. "
sion of oligodeoxynucleotides through the cytoplasm, and no X 0.-
competition of oligodeoxynucleotides with initiation-factor
proteins or ribosomes.

Oligodeoxynucleotide Uptake and Stability. Exogenously "
introduced oligodeoxynucleotides would not be very effec- .'. , ,,
live agents for hybridization arrest, no matter how stable B
their complexes with mRNA, if they were rapidly hydro-
lyzed. In previous work, degradation of oligodeoxynucleo- FIG. 2. Stability of oligodeoxynucleotides in HL-60 cells. Sam-
tides was not seen in rabbit reticulocyte lysate or Dulbecco's pies of 5'-'5S-labeled anti-c-myc oligomer (Left) and anti-tat oi.
modified Eagle's medium with 5% fetal bovine serum over 2 gomer tRight) were incubated with HL-60 cells for 0, 1, 4. 8, and 24
hr at 37"C, but degradation was complete within that time in hr. Cells were separated from culture medium by sedimentation,
a HeLa-cell postmitochondrial supernatant and was cn- lysed, and extracted with phenol, and the aqueous phases were
plete within 15 min in undiluted fetal bovine serum (27). • , analyzed by denaturing gel electrophoresis, as described in Materi-
examine oligodeoxynucleotide uptake by HL-60 cells, ali- als and Methods. C, washed cell pellet; M, supernatant medium;
quots of labeled anti-c-myc oligonier or anti-tat oligomer numbers, time (hr) of incubation; X and B, mobility of xylene
were added to HL-60 cells in culture medium and incubated cyanole FF and bromophenol blue, respectively.
for up to 24 hr. Radioactivity retained by the washed cell treated cells (Fig 3 c, I,, and i). HL-60 cells treated with 6 AM
pellets was compared with that left in the culture medium anti
(Fig. 1). In RPMI 1640 with 10% heat-inactivated fetal nr -c-yc oligomer showed some reduction in the level of

bovine serum, 1-2% of the labeled oligomers were found nuclear p65 protein, and significant reduction was observed

associated with the cell pellet after 4 hr, and this amount in cells treated with 10p M anti-c-n yc oligomer (Fig. 3j and

remained about the same up to 24 hr. k). Radioimmunoprecipitation, however, showed no signifi-

Denaturing gel electrophoresis of labeled oligomers re- cant reduction of p65 antigen vith 5 AM anti-myc oligomer,

maining in the culture supernatant revealed significant loss and about 50% reduction at 10 p.M (Fig. 4). The anti-VSV

of oligodeoxynucleotide within 1 hr, and disappearance was oligomer caused no significant reduction in p65 antigen.
virtually complete by 8 hr (Fig. 2). In the washed cell pellet, Inhibition of Transformed-Cell Proliferation. Since c-myc

however, labeled oligodeoxynucleotides survived intact for p65 antigen appears to be necessary for DNA synthesis (10),
up to 24 hr, decreasing to about one-quarter of the original it was of interest to see whether antisense inhibition of p65
intensity. These observations agree with an earlier report of expression reduced the rate of cell proliferation. When
oligodeoxynucleotide uptake by HeLa cells and chicken HL-60 cells in culture were treated with the anti-myc oi-
embryo fibroblasts in culture (13). gomer, dose-dependent inhibition of proliferation was found,

Inhibition of c-myc Protein Expression. When HL-60 cells with a roughly linear plot indicating 50% inhibition of prolif-
in culture were treated with the anti-myc or the anti-VSV eration at -4 AM (Fig. 5). However, exposure ofHL-60cells
oligomer and analyzed by indirect immunofluorescence, to either the anti-VSV or anti-tat oligomer had no effect on
neither sequence decreased the level of actin, which was their proliferation.
detected only in the cytoplasm (Fig. 3 a and d-g). HL-60 To further test the specificity of inhibition, avian cells
cells treated with the anti-VSV oligomer showed the same transformed by an avian v-myc gene were tested for their
level of c-myc-encoded p65 protein in (he nucleus as un- susceptibility to the human anti-c-myc oligomer. The quail

embryo fibroblast line Q8 transformed by the replication-
3 defective avian myelocytomatosis virus MC29 (24) was

treated with both the anti-c-myc and the anti-VSV oligo-
deoxynucleotides. The v-inyc gene in MC29 displays 4
mismatches in the 15 nucleotides corresponding to the target
sequence in human c-myc, as does the chicken c-myc

2 sequence (34). Neither oligodeoxynucleotide elicited any
inhibition of proliferation (data not shown)..

DISCUSSION

It is initially surprising that unprotected oligodeoxynucleo-
tides could enter a cell and remain intact long enough to have
an impact, as described above. Now that several laborato-

0, ries have observed the phenomenon k12-19), it is nek.essary
0 5 10 15 20 25 to study the mechanism of uptake, compartmentalization of

Time (hr) the ohgodeoxynucleotides, and their metabolism. One pos-
sible explanation is that oligodeoxynucleotides bind nonspe-FiGo 1. Uptake of oligodeoxynucleotides by IIL-60 cells Sam- cifically to cell membranes and are internalized slowly in the

pies of 5'-3 S-labeled anti-c-myc oligomer (e) and anti-tat oligomer course of normal membrane turnover. However, the obser-

(o) were incubated with HL-60 cells for 0, 1, 4, 8, and 24 hr Cells

were separated from culture medium by sedimentation, lysed, and vation of receptor-mediated binding of bacteriophage A DNA
extracted with phenol, and ohgodeoxynuceotide uptake was deter- to human leukocytes (35), with subsequent endocytosi and
mined by liquid si..mntllatuun -.uuntmng of the iqueuus phds"-, is degradation to ohgodeoxynucleotides, allows the possibdity
described in Materials and Methods. of oligodeoxynucleotide binding to specific receptors. For
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FIG. 3. Inhibition of human c-myt p65 protein expr' ion by antisense oligodeoxynucleotides, measured by indirect inmutolhioiecince
HL-60 cells were treated with ohgodeoxynu%,leotidf s fot ,. nr. then immunolabeled with rabbit-produced antibodies, followed by goat-produced
anti-rabbit lgG conjugated with fluorescein, and observed by light and fluorescence microsopy. (a) No oligodeoxynucleotide. anti-[3-actin
antibody. (b) No ohgodeoxtynucleotide, normal rabbit lgG. (c) No oligodeoxynucleot.de, anti-p65 antibody. (d) Anti-VSV oligomer (6 AM),
anti-,3-actin antibody. (e) Anti-VSV oligomer (10 AM), anti-!3 actin antibody. (./ Anti-c-inyc oligomer (6 AM). anti-p-actin antibody. (g)
Anti-c-myc oigomer (10MAM). anti-p3-actin antibody. (ha Anti-VSV oligomer (6 AM), anti-p65 antibody. (i) Anti-VSV oligomer (10 AM), anti-p65
antibody. (,) Anti-c-myt. oligomer (6 MM), anti-p65 antibody. (k) anti-c-inyc oligomer (10 MM), anti-p65 antibody. (x 1600).

example, fluorescently labeled oligodeoxynucleotides have sense oligodeoxynucleotides. The effectiveness of the anti-
been used to observe rapid binding to cell membranes, which c-nyL oligomet pledicted above at inhibiting c-mat protein
was complete within 5 mm (14). It is clearly necessary to expression and transformed-cell proliferation suggests that
determine whether oligodeoxy nucleotide receptors exist, the calculation of mRNA secondary structures may be useful in
distribution of oligodeoxynucleotides among cytoplasm, en- this regard.
doplasmic reticulum, lysosomes, Golgi apparatus, mitochon- Indirect immunofluorescence of cells treated with anti-
dria, and nuclei; and the relative rates of oligodeoxynucleo- sense oigodeoxynucleotides for 6 hr showed greater reduc-
tide degradation in each compartment. tion of p65 protein than did radioimmunoprecipitation ofIn the absence of data from nuclease mapping, chemical cells treated for 6 hr and then metabolically labeled withprobing, base-pair replacement, or phylogenetic compari- [3"Slcysteine for 1.5 hr. Perhaps the effective concentration
sons, secondary-structure predictions are often misleading of anti-c-myc oligomer in the cytoplasm decreases suffi-
(36). The free energies used for base pairing are still approx- ciently by 6 hr to reduce the efficiency of hybrid arrest. It is
imate, and we lack algorithms to predict tertiary-structure also possible that a negative feedback system regulates
interactions. Nevertheless, calculation of an oncogene
mRNA secondary structure provides a starting pcint for c-niyc transcription, leadig to elevated c-myc mRNA levels
selecting initial targets for hybridization arrest with anti- as a result of hybrid arrest during the first 6 hr.

In view of the model that c-myc protein is specifically
M 1 2 3 4 5 6 required for DNA synthesis (10), it is important to examine

kDa , ........ the impact of c-myc inhibition on the cell in normal human
97.4 cells. Since the studies reported here or. c-myc inhibition in
69._,
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46.0 100-

30.0 -80-
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18.4 :2
S: 40
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FIG. 4. Inhibition of human c-niyc p65 protein expression by
antisense oligodeoxynucleotides. measured by imniunoprecipita-
tion. HL-60 cells treated with oligodeoxynucleotides for 6 hr and 0 1 2 3 4 5
then labeled with [3 Slcysteme for 1.5 hr were !, sed and. immuno- [Ollgonucleollde], /AM
precipitates were subjected to electrophoresis and tluorography.
Lane M, 1C-labeled molecular mass standards, lane 1, no oligo- FiG. 5. Percent inhibition of HL-60 proliferation b, antisense
deoxynucleotide, anti-pb5 antibody, lane 2, no ohgodeoxynudeu- oligodeoxyrnucleotides. HL-60 cells were grown for 5 days in
tide, normal rabbit serum, lane 3. 5M anti-, A uhgonier, anti-pb5 medium supplemented with anti-c-mo. oligomer t*), anti VSV oh-
antibody, lane 4, u MOM inti-VSV oligomer. inti-pb5 antibody, lane gomer k-), or anti tat oligomer (_). Cells %ere counted and percent
5. 5 MM anti--m.c olgonier, anti.pb5 antibody, Lane 6, 10 AM inhibition was .akulated as descnbed in Materials and Ah'thods
anti-c-myc oligomer, anti-p65 antibody. Error bars on points represent one standard deviation
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SUMMARY

Z The proto-oncogene c-myc, whose gene product has a role in replication, is overexpressed in the

U, human promyelocytic leukemia HL-60 cell line. Treatment of HL-60 cells with an antisense oligo-
1deoxyribonucleotide complementary to the start codon and the next four codons of c-myc mRNA

has previously been observed to inhibit c-myc protein expression and cell proliferation in a
sequence-specific, dose-dependent manner. Comparable effect are seen upon treatment of HL-60 cells
with dirnethylsulfoxide (Me2SO), which is also known to iniuce granulocytic differentiation of HtL-60

cells. Hence, the effects of antisense oligomers on cellular differentiation were examined and compared
with Me2 SO. Differentiation of HL-60 cells into forms with granulocytic characteristics was found to be
enhanced in a sequence-specific manner by the anti-c-myc oligomer. No synergism was observed!

between the anti-c-myc oligomer and MeSO in stimulating cellular differentiation. In contrast,
synergism did appear in the inhibition of cell proliferation. Finally, the anti-c-myc oligomer uniformly
inhibited colony formation in semisolid medium. It is possible that further reduction in the level of

c.myc expression by antisense oligomer inhibition may bt sufficient to allow terminal granulocytic
differentiation and reverse transformation.

Key words: oligodeoxynucleotides; hybrid arrest; proliferation; granulocyts; dimethylsuifoxide.

INTRODUCTION mature myelocytes, metamyelocytes, and banded and

Overexpression of the human proto-oncogene c-myc segmented granulocytes (6). Phorbol 12-myristate
has been observed frequently in human leukemias and 13-acetate (PMA) similarly inhibits HL.60 cell proli.

solid tumors (1,2). The c-myc p6 5 antigen is localized feration and induces differentiation along the monocytic

in the nucleus (3), and overexpressed p65  promotes line (8).
replication of SV40 DNA (4). Furthermore, antibodies Coincidentally, inducing IHL-60 cells to differentiate t

against p6 5 coprecipitate mammalian origins of replica- with Me2SO leads to a decline in c-myc mRNA (9).

tion (5). Hence, it seems that the c-myc gene product Furthermore, it is clear that constitutive overexpression
plas dret r idiec rlein epictinof c-myc in mouse erytlhroheukemia cells (10), orplays a direct or indirect role in replication. ofcmci os rtrluenacls(0 , or --

The HL.60 cell line, which consists predominantly of v-myc in human U-937 monoblastic cel 11) blocks Y,
rapidly dividing cells with promyelucytic characteristics induction of differentiation by MeSO v IA, respec-

(6), contains multiple copies of the c-myc gene (7), and tively. Hence, it is possible that reducing the level of

expresses 35-100 copies of c-myc mRNA per cell, c-myc mRNA translation by antisense oligomer inhi-

compared with the normal 5-10 copies per cell (J. Bresser, bition may be sufficient to allow differentiation and

personal communication). Dimethyl sulfoxide (MeSO) reverse transformation, similarly to Me2SO.

inhibits the proliferation of this cell line and induces the Calculation of a predicted secondary structure for

cells to differentiate into granulocytic cells that exhibit human c-myc mRNA placed the start codon at the

morphologic and chemical properties similar to more beginning of a large bulge loip in a weakly base paired,
region, suggesting that these codons might be readily,
available for hybridization arrest (12). In preliminary

Present address: Center for Cancer Research. Department of

Bioulg), Massachusett, Institute uf Tohriulg). Cambridge. MA experiments utilizing an antisense oligomer against the
02139 predicted initiation codon loop, sequence-specific,Z 1o , oo\ oVV\ -d
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100 formation in semisolid medium implies the effects of the

anti-c-myc oligomer are felt by the entire HL-60

C 80-_ [culture and that there is no resistant subpopulation.
._ Although MeSO is too toxic for administration in

9 60- animals at a dose of 1% by volume, the anti-c-myc
,,2 oligomer at the concentrations used here did not inhibit

c-myc expression in mitogen-stimulated peripheralo 40-
0blood lymphocytes and was not noticeably toxic to them

20-- .(13). Hence, antisense inhibitors may have therapeutic
20 potentis' as inducers of differentiation. It is clearly

- A - . , necessary to try adding antisense DNA inhibitors to cells
0 0 every day, rather than only once at the beginning of the

experiment, and to examine the morphologic, histochem-
FIG. 6. Percentages of HL-60 cells forming colonies in semisolid ical, and surface marker effects of the added oligomers

medium treated with Me2SO, PMA, or antLisense oligomers. A, every day.
untreated; B, 5 1AM anti-VSV oligomer, C, 5 y*M anti-c-myc
oligomer, D, 1% MeiSO; E, 16 nM PMA. Previous studies of oligomer degradation, uptake by

cells, and survival within cells showed that oligomer
degradation was complete within 15 min in undiluted
FBS at 370 C (20), within 8 h in the culture medium usedthe cells to a semisolid medium so that dividing celh will hee PM 160wt 1% ha-icivedFS an

form colonies (19). HL-60 cells treated with a single doe h

of 5 yM anti-c-myc oligomer exhibited a sequence- was about three quarters complete within 24 h for

specific decrease in colony formation after 5 d of growth oligomers taken up by HL-60 cells (14). Given these

(Fig. 5). Colony size also decreased significantly, down to results, it would be worthwhile to try antisense oligomer
two to four cell colonies, and the effect /as uniform inhibition in a serum-free medium, or with nuclease-tw ofu elclnean h fetisuiom resistant oligodeoxynucleotide derivatives.

throughout the culture; no resistant subpopulation was rth r oligo der s

observed. In contrast, no significant decrease in colony Further probing with oligomers complementary to other
number or size was noted in cells treated with 5 /M sites in the c-myc mRNA, and with oligomers of varying
anti-VSV oligomer, whereas cells treated with Me SO complementarity to target sequences, may better
and PMA created few colonies (none larger than four identify accessible portions of c-myc mRNA and the
cells) A sequence-specificity requirements of antisense inhi-

bition. Finally, several other cell lines that overexpressUpon counting colonies and ces in each cell well, it was

found that 79 ± 12% of the untreated cells c-myc should be studied for their susceptibility to

formed colonies, while 74 ± 11% of cells treated antisense inhibitors of mRNA translation.

with the anti-VSV oligomer continued to form colonies
(Fig. 6). However, colony formation by cells treated with

anti-c-myc oligomer was reduced to 62 ± REFERENCES
10%. In contrast, only 23 ±. 5% of cells treated

1. Klein, G.: Klein, E. Conditioned tumorigenicity of activated
with Me2SO formed colonies, and only 4 ± 1% of oncogenes. Cancer les. 46:3211-3224; 1986.
those treated with PMA. 2. Bishop, J. M. The molecular genetics of cancer. Science

235:305-311; 1987.
3. Spector, D. L.; Watt, R. A.; Sullivan, N. F. The v- and c-myc

oncogene proteins colocalize in situ with small nuclear
ribonucleoprotein particles. Oncogene 1:5-12; 1987.

4. Classon, M.; Henriksson, M.; S'imegi, J., et al Elevated c-myc
DISCUSSION expression facilitates the replication of SV40 DNA in human

lymphoma cells. Nature 330:272-274; 1987.
Both MeSO and antisense oligomers inhibit e-myc 5. Iguchi-Ariga, S. M. M.; Itani, T.; Kiji, J.. et al. Possible function

expression, and it now seems that either mode of c-myc of the c-myc product: promotion of cellular DNA replication.
inhibition allows some degree of granulocytic differen- EMBO J. 6:2365-2371; 1987.

6. Collins, S. J.; Ruscetti, F. W.; Gallagher, R. E., et al. Terminal
tiation and inhibition of colony formation to occur in differentiation of human promyelocytic leukemia cells induced
HL-60 cells. The lack of synergism between the two by dimethyl sulfoxide and other polar compounds. Proc. Nail.
agents in stimulating diffeientiation suggests that thpy Acad. Sci. USA 75:2458-2462. 1978.

" Collins. S.; Groudine, M. Ampliliatiun uf endugenm)u tnyc.
may operate by different mechanisms. Furthermore, the related DNA sequences in a human myeloid leukemia cell line.
eistence of synergism where antiproliferation is con- Nature 298:679-681; 1982.
cerned suggests that Me2SO may exert pleiotropic effects 8. Rovera, G., Santoli, D., Damsky, C. Human promyelocyt c

leukemia cells in culture differentiate into macrophage-like c, ils
on replication, more than just reducing the level of 'shen treated iiith a phorbol diester. Proc. Nail. Acad. cci.

c-myc p6 5 . Finally, the uniform inhibition of colony USA 76:2779-2783: 1979.
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immature differentiating cells, while the complete lack
100 of NBT reduction is associated with monocytic

differentiation in HL-60 cells (18). Accordingly,
0 T untreated HL-60 cells were 33 ± 5% positive for

.2 NBT reduction after 2 d, as were cells treated with 5 yM
:7 T60." anti-VSV oligomer, whereas cells treated with 5 yM

ariti-c-myc oligomer rose to 48 ± 7% positive,
S40. and cells treated with Me2SO rose to 65 ± 8%

20 (Fig. 3). In contrast, cells treated with PMA.decreased to
less than 5 ± 1% positive. The uninduced

0 i T , , HL-60 cells used in these and subsequent experiments
A B C D E F (Bacon et al., unpublished results) regularly displayed

FIG. 4. Percent inhibition of HL-60 cell proliferation by comnbina- levels of NBT-positive cells in the range of 30%, by our

tions of antisense oligomers and MeSO. A, untreated; B, 4 W criteria, whereas the Me2SO-induced cells attained
anti-VSV oligomer; C, 4 pM anti-c-myc oligomer; D, 1% MeSO;! high levels similar to those reported by Collins et al. (18).
E, 1% Me2SO plus 4 fiM anti-VSV oligomer; F, 1% Me2SO plus 4; Inhibition of cell proliferation. Exposure of HL-60 cells
pM anti.c-myc oligomer. to 1% MEaSO resulted in 69 ± 3% inhibition of

proliferation (Fig. 4), as seen before (6), comparable to the

3% in treated cells (Fig. 2). No cells with monocytic inhibition of proliferation ut 6 pM anti-c-myc oligomer

characteristics were observed. However, 4 jiM anti-c- which was seen previously (4). Treatment of HL-60 cells
myc oligomer was not nearly as effective at inducing with 4 pM anti-c-myc oligomer reduced cell prolifer-

differentiation as 1% Me2 SO, which gave 78 ± ation by 55 ± 5%, whereas the combination of 4
6% differentiated cells, as seen before (6), and anti-c- pM anti-c-myc oligomer with 1% Me2SO reduced cell
myc oligomer does not seem to potentiate the induction proliferation by 93 ± 10%. Hence, the two
of differentiation associated with MeaSO. A negative reagents seem to have complementary inhibitory activity
control sequence against the VSV matrix protein mRNA toward proliferation. In a negative control experiment, the
had no effect on differentiation. anti-VSV oligomer was not inhibitory by itself, nor did

Cytochemical analysis. A high level of NBT reduction it potentiate the effect of 1% MeSO.
correlates with terminally differentiating granulocytic Colony formation in semisolid medium. A second method
cells, a low level of NBT reduction correlates with for evaluating the growth potential of a cell line is to add

FIG. 5. Colony formation by HL-60 cells in semisolid medium treated "ith MeSO. PMA. or antisenae oligomers. A.
untreated; B, 1% MeSO; C. I6nMPMA.D. SManti-VSVoligomer; E, 5pll anti-c-myc oligomer.
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100. growth, and N is the titer for treated cells after n days.
Error bars on points represent one SD.

M 80- T Semisolid medium was prepared by adding 10 g of 4000
Q I mPa methylcellulose (Fluka) to 250 ml of sterile boiling

6 S- H20, adding 250 ml of 2X RPM! 1640 with 20% bovine
.2 serum albumin BSA and stirring overnight at 0-4 0 C (19).

40- For experiments in semisolid media, aliquots of HL-60
cells (<10 pl) containing I0 cells were diluted to I ml in

S201  : semisolid RPM! 1640 with 10% FBS containing no
j addition, 1% MeSO, 16 nM PMA, anti-c-myc

oligomer, or anti-VSV oligomer at concentrations
detailed in the text. Cells were visualized microscopicallyand colonies of two or more cells were counted and

FIG. 2. Differential counts of HL-60 cell populations treated with compared with single cell counts. Percentages of cells
antisense ollgomers or Me3SO or both. A, untreated; B, 4 pM forming colonies were determined daily by counting 200
anti-VSV oligomer; C, 4 pM anti.c-myc oligomer; D, 1% MeiSO;
E, 1% Me2SO plus 4 M anti-VSV oligomer; F, 1% MeSO plus 4 colonies/cells in the same quadrant of the well.
p*M anti-c-myc oligomer.

RESULTS

forms with a more mature appearance, including a Morphologic analysis. HL-60 cells induced by Me2SO to
smaller size, lower nuclear:cytoplasmic ratio, less differentiate with granulocytic characteristics (6) (Fig.
prominent cytoplasmic granules, reduction or disap- I  I B), and cells induced by PMA to differentiate with
pearance of nucleoli, and marked indentation, convolu- monocytic characteristics (8) (Fig. I C), were compared
ton, or segmentation of the nuclei. Cells in this category with cells that were induced by the anti-c-myc and
were scored as differentiated . Cells with monocytic anti-VSV oligomers. Oligomers were added to a
characteristics are not o ed induced HL-60 concentration of 5 pM because previous work indicated

-- efs nor those induced wi h SO, ut only among that the antigen inhibition and antiproliferative responses
cells induced with PMA. e percent differentiation in were about half maximal in the 4-6 pM range (14). Cells
200 cells counted was calc from (differentiated treated with 5 pM anti-VSV oligomer (Fig. I D) were as
cells/200) X 100, ± SE. undifferentiated as untreated cells (Fig. I A), but 5 PM

Cytochemical analysis. Nitro-blue tetrazolium (NBT) is anti-c-myc oligomer induced, some differentiation
reduced intracellularly to an insoluble formazan dye by along the granulocytic line (Fig. I E).
superoxide, which is generated by phagocytosis- Differential counts of treated cells demonstrated that 4
associated oxidative metabolism in normal granulocytes pM anti-c-myc oligomer, the concentration which
(17) and Me2SO-differentiated HL-60 cells (18), which inhibited cell proliferation by 50% (14), doubled the
have been exposed very briefly to PMA. Hence, cells fraction of differentiated cells resembling granulocytes
treated with oligodeoxynucleotides were grown for 2 d, from 10 " 2% in untreated cells to 22 ±
and then 400-pl aliquots of cell suspensions were added
to an equal volume of 0.2% NBT Sigma) in
calcium-and magnesium-free phosphate buffered 80
saline, and incubated for 20 min in the presence of 160
aM PMA, precisely as described (17). The cells were . so
sedimented onto glass slides and Wright-Giemsa 0
counterstained as described above. Cells containing any
reduced blue-black formazan dye were scored as NBT :3 40.
positive. The percent NBT-positive cells in 200 counted
was calculated from (NBT positive cells/200) X 100

SE. Z 20 K/I

Cell proliferation. Treated and untreated cells showed
98-100% viability after 5 d growth, and untreated cells
typically showed a 10-fold greater titer, about 10 0A
cells/mi. Cell counts were converted to percent L --- E

inhibition by using the equation: 100 X (N.-N/(N-N), FIG. 3. Nitro-blue tetrazoli reduction by HL-O cells treated with
Me SO, PMA. or antisense oligomers. A. untreated. B. 5 ;AM

where No is the normal titer at the beginning of the anti-VSV oligomer; C. 5 jM anti-c-myc oligomer; D, 1% MeSO;
experiment, N, is the titer for untreated cells after n days E. 16 nM PMA.
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dose-dependent inhibition of proliferation and stimu- MATERIALS AND METHODS

lation of granulocytic differentiation were observed in Cell culture in suspension. HL-60 cells were grown at
human HL-60 promyelocytic leukemic cells. 370 C in 5% CO2 saturated with water and maintained in

Subsequently it was found that our original anti-c- logarithmic phase as before (14), in RPMI 1640 medium
myc oligomer also inhibited expression of the c-myc p65 (Sigma, St. Louis, MO) with 10% heat inactivated fetal
antigen in mitogen-stimulated human peripheral blood bovine serum (FBS, Sigma), with 1000 U/ml of
lymphocytes, which were then unable to enter S phase in penicillin, 100 pig/ml of streptomycin, and 500 pg/ml of
a sequence-specific, dose-dependent manner (13). gentamicin. Titers of viable cells were determined by
The same anti-c-myc oligomer was roughly 3 times as counting Trypan blue excluding cells in a' hemacyto-
effective against human HL-60 promyelocytic leuke- meter. The anti-c-myc oligomer, 5'-dAACGTT-
mic cells (14). Indirect immunofluorescence analysis of GAGGGCAT-3', and the anti-VSV oligomer,
HLb-60 cells treated with a single dose of 6 AM 5'-dTTGGGATAACACTTA-3', were synthesized and
anti-c-myc oligomer showed substantial reduction in purified as before (14). The cells were diluted in 1 n) of culture
the level of nuclear p6 5 protein. Inhibition of HL-60 cell medium to 10s cells/ml, and Me2SO (Sigma), PMA (Sigma),'
proliferation by a single dose reached 50% at approxi- or oligomers or both were then added directly to cell
mately 4 MM. suspensions at concentrations described below.

The HL-60 antiproliferation results have been con-' Morphologic analysis. Treated cells were grown for 5 d,
qj firmed by Holt et al. (15), who also reported myeloid and then 400-600-1l aliquots of cell suspensions were

differentiation of the treated cells. Similarly, Yokoyama sedimented onto glass slides using a Shandon Cytospin I
1 and Imamoto (16) induced antiserne c-myc RNA (Surrey, England) and Wright-Giemsa stained for
c.) expression in HL-60 cells, and reported cytochemical differential counts performed under light microscopy

data implying monocytic differentiation characteristics. (6). HL-60 cells consist predominantly of promyelocytes
In the studies reported here, treatment of HL-60 cells with large round nuclei, prominent nucleoli, dispersed

with the anti-c-myc oligomer, which was previously nuclear chromatin, high nuclear: cytoplasmic ratio, and

found to depress p65 expression, elicited a sequence- basophilic cytoplasm with prominent azurophilic gra-
specific induction of myeloid differentiation with nules. Cells in this category and cells actively
granulocytic characteristics, potentiated inhibition of undergoing mitosis were scored as undifferentiated. A

cell proliferation by Me2SO, and uniformly inhibited moderate percentage of the uninduced cells and a large
colony formation in semisolid medium, percentage of MeSO-induced cells differentiate into

d I Xi

FIG. I. Morphologic differentiation of HL-bO cell populations treated sith MeSO, PMA. or antibenwe ohamers. A.
,intreated. B. 1% MeaSO. C. 10 n 'f PMA. D. 3 M anti-VSV oligomer- E. ;, f anti-c-mvc oligomer.
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Expression of the human proto-oncogene c-myc is necessary for replication, and may be
inhibited in a sequence-specific, dose-dependent manner by an antisense
oligodeoxynucleotide specific for the first five cod'rns of c-myc mRNA. Antisense
inhibition of c-myc inhibits the proliferation and enhances the differentiation of the
HL.60 human promyelocytic leukemia cell line. In order to raise the efficacy of
antisense oligomers, HL-60 cells were grown in a serum-free medium so as to minimize
nuclease activity in the culture medium. Daily addition of anti-c-myc oligomer was then
found to induce terminal granulocytic differentiation of 80% or more of HL-60 cells,
and inhibit colony formation by ???%, comparable to 1% Me 2SO.
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Introduction

The human leukemic cell line called HL-60 consists predominantly of rapidly dividing
cells with promyelocytic characteristics (Collins, et al., 1978). Untreated cells
spontaneously differentiate (10-15%) into forms that exhibit characteristics of more
mature gran "!ocytic cells, while the promyelocytes continue to proliferate at a constant
rate (Collins et al., 1977). Dimethylsulfoxide (Me 2SO) inhibits the proliferation of this
cell line, and induces the cells to terminally differentiate into slowly proliferating
granulocytic cells that exhibit morphological and chemical properties similar to more
mature myelocytes, metamyelocytes and banded and segmented neutrophils; 1% Me 2 SO
(v/v) treatment for 5 days induces 65-78% differentiation (Collins et al., 1978). Phorbol
12-myristate 13-acetate (PMA) at 16 nM, on the other hand, induces HL-60 cells to
terminally differentiate within 24 hr into nonproliferating macrophage/monocytic cells
that exhibit morphological and biochemical properties similar to more mature
promonocytes and monocytes (Rovera et al., 1979).

Overexpression of the evolutionarily conserved proto-oncogene c-myc has been
observed frequently in human leukemias and solid tumors (Cole, 1986; Klein and Klein,
1986; Bishop, 1987). HL-60 cells maintain multiple copies of the c-myc gene (Collins
and Groudine, 1982), and express 35-100 copies of c.myc mRNA per cell, compared
with the normal 5-10 copies per cell (Bresser, J., personal communication). The c-myc
p65 antigen is localized in the nucleus (Spector, et al., 1987) and overexpressed p65
promotes replication of SV40 DNA (Classon, et al., 1987). Furthermore, antibodies
against p65 have been reported to co-precipitate mammalisaq origins of replication
(Iguchi-Ariga, et al., 1987). Hence, it appears likely that the c.myc gene product plays a
direct or indirect role in replication.

Recently, inhibition of c.myc p65 expression by an antisense
oligodeoxynucleotide targeted against a predicted hairpin loop containing the initiation
codon of the human c-myc mRNA ,was found to inhibit mitogen-stimulated human
peripheral blood lymphocytes from entering S phase (Heikkila, et al., 1987), and was
observed to inhibit HL-60 cells from proliferating (Wickstrom, et al., 1988a), in a
sequence-specific, dose-dependent manner. A single dose of the same anti-c-myc
oligomer was also found to elicit a sequence-specific increase in number of HL-60 cells
differentiating along the granulocytic line from the usual 10% to greater than 20%
(Wickstrom, et al., 1988b). Comparable results were reported by Holt, et al. (1988)
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using the identical anti-c-myc sequence, while Yokoyama and Imamoto (1987), using
c-myc antisense RNA, reported differentiation along the monocytic line.

In addition, overexpression of p65 usually correlates with inability of cells to
differentiate (Coppola and Cole, 1986; Schneider, et al., 1987), while induction of
HL-60 cell differentiation with Me 2SO coincides with a decline in c-myc mRNA (Westin
et al., 1982) and the ability of the HL-60 cells to form colonies in semisolid medium
(Filmus and Buick, 1985). While the anti-c-myc oligomer used so far does not
potentiate differentiation by Me2SO, it does appear to potentiate inhibition of cell
proliferation by Me 2SO (Wickstrom, et al., 1988b).

Hence, it seemed likely that reducing the level of c-myc mRNA translation further
by daily addition of anti-c-myc oligomer might be sufficient to induce termiral
differentiation of the entire population of myc-transformed cells. It was also observed
that oligodeoxynucleotides are rapidly degraded, with a half-life of about two hr., in the
culture medium used for growing HL-60 cells (Wickstrom, et al., 1988a), due to
nucleases in fetal bovine serum (FBS) (Wickstrom, 1986). Therefore, in the studies
reported here, a portion of the HL-60 cell line maintained in our laboratory was
adapted to growth in a serum-free medium in order to minimize oligodeoxynucleotide
degradation and maximize efficacy. The serum-dependent and serum-free cultures were
both treated with antisense oligodeoxynucleotides, Me2SO, and PMA, and the effects of
these treatments were compared. Daily additon of the anti-c-.myc oligomer more
effectively induced granulocytic differentiation, and inhibited proliferation and colony
formation, in serum-free medium than in serum-containing medium. Daily addition was
much more effective than a single addition, and in the serum-free medium, was
comparable in efficacy to 1% Me 2SO, yielding 80% or greater differentiation of the
HL-60 population. The results suggest that significantly decreased levels of c-myc p65
protein allows the induction of terminal granulocytic differentiation in HL-60 cells.
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Results

Development and Characterization of a Serum Free HL-60 Cell Strain

An aliquot of the HL-60 cells growing in RPMI 1640 with 10% heat-inactivated FBS,
designated HL-60-FBS, was introduced into RPMI 1640 medium supplemented with
bovine serum albumin (BSA) and a mixture of insulin, transferrin, and sodium selenite
(ITS), and grown continuously for over 6 months so that a steady state response to
antisense oligomers could be investigated. The serum-free culture was designated
HL-60-ITS.

The HL-60-ITS cells exhibited a slower growth rate than that of the parent cells.
with a doubling time of 48 hr, 18 hr longer than I-IL-60-FBS cells, and a longer lag time
before returning to logarithmic growth, two days rather than one day. Additionally, the
HL-60-ITS cells displayed a 30% decrease in their level of c-myc protein (Fig. 1), a lower
mitotic index (0.35%) (Tables 1,2), a 6% increase in differentiated cell forms of the same
morphology as seen in the HL-60-FBS cells (Tables 1,2), and the same percentages of
sudan black positive cells (40-50%), NBT reducing cells (30%), and naphthyl AS-D
chloroacetate esterase positive cells (30%). Both strains of HL-60 cells reacted to
sedimentation and resuspension in fresh medium by going into lag phase for a day, so
daily additions of oligodeoxynucleotide were done by adding new aliquots of oligomer
to continuous cultures, without disturbing them further.

Antisense Inhibition of Cell Proliferation

In agreement with our previous work (Wickstrom et al., 1988ab), sequence-specific
dose-dependent inhibition of proliferation was observed after single additions of anti-
c-myc oligomer to both the HL-60-FBS and HL.60-ITS cells, with greater inhibition
noted in the HL-60-ITS cells (Fig. 2). The HL-60 cells used in the present work, the gift
of Dr. Julie Djeu, did not respond as strongly to the antiproliferative effects of the anti-
c-myc oligomer as did the culture used in the two previous studies (Wickstrom, et al.,
1988ab). This characteristic probably reflects a lower copy number of c-myc mRNA,
which varies widely among HL-60 cultures in different laboratories (Bresser, J., personal
communication). No significant inhibition was noted in cells treated with anti-VSV
oligomer, while cells treated with Me 2SO and PMA were inhibited in their proliferation
by greater than 90% (Figs. 2,3). Adherence of these normally anchorage-independent

-5-



cells was not significant in any case examined, and never exceeded 3% of the cells in
culture.

HL-60-FBS cells that were treated daily for 5 days with 10 nmol/ml of anti-c-myc
oligomer, in order to re-establish a concentration of 10 /M in the culture medium every
day, exhibited a titer at day 5 similar to HL-60-FBS cells treated with a single addition of
15 AM anti-c-myc oligomer (Fig.2,3a) (Wickstrom et al., 1988ab). Similar results were
seen with HL-60-ITS cells, with greater antiproliferative efficacy (Figs. 2,3b). No
significant inhibition was noted in cells treated daily with anti-VSV oligomer, while the
cells treated with a single addition of Me 2SO or PMA were inhibited by greater than 90%
(Figs. 2,3ab).

A second method for evaluating the growth potential of a cell line is to add the
cells to a semisolid medium so that dividing cells will form colonies (Graf, et al., 1981).
HL-60-FBS cells grown in semisolid medium, and treated daily with anti-c-myc oligomer,
showed a decrease in colony formation of greater than 50%, relative to untreated cells
(Fig. 4a). However, no significant decrease in colony number was noted in cells treated
with anti-VSV oligomer. By contrast, 12 % or less of HL-60-FBS cells treated with Me 2SO
and PMA formed colonies, none greater than 2 cells. Daily treatment with antisense
oligomer treatment required that the semisolid medium be stirred vigorously so that
uniform distribution of the oligomer was assured. As a result, the existing colonies
were significantly disturbed, and the number of colonies, and colony sizes, were
reduced by at least 70%, when compared with undisturbed colonies (data not shown),
even untreated HL-60-FBS cells. Similar experiments were attempted with HL-60.ITS
cells, but they failed to grow beyond 36 hrs.

Upon counting colonies and cells in each cell well, it was found that 23±5% of
the untreated cells formed colonies (Fig. 4b). In contrast, only 12±3% of cells treated
with Me2SO formed colonies, and only 5± 1% of those treated with PMA. However,
colony formation by cells treated with anti-c-rnyc oligomer was reduced to 10±3%,
while 20±5% of cells treated with the anti-VSV oligomer continued to form colonies.
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Morpbological Analysis

Analysis of Wright-Giemsa stained cells allows one to establish the overall degree of
differentiation in a heterogeneous cell population. Untreated HL-60-FBS cells, HL-60-
FBS cells induced to differentiate into mature granulocytic forms with Me 2SO, and into
mature monocytic forms with PMA, were compared with HL.60-FBS cells treated daily
with anti-c-myc or anti-VSV oligomer over a 5 day period. Differential counts of
untreated and treated cells are shown in Table 1. Light micrographs of cells
representative of each category used in scoring cell types are shown at the head of the
table. Cells grown in culture at 10 /iM anti-c-myc oligomer, replenished daily, exhibited
a dramatic decrease in the number of promyelocytes and cells undergoing mitosis, a
large increase in myelocytes/metamyelocytes and banded neutrophils, but little
difference in segmented neutrophils or hypersegmented neutrophils,compared with
untreated cells. The overall extent of differentiation into the latter four cell types was
64±10% No significant change in mature morphological forms was noted in cells
treated with anti-VSV oligomer, while cells treated with Me 2SO exhibited even greater
differentiation into granulocytic forms, to a total of 92±13%, and cells treated with PMA
exhibited virtually complete differentiation into mature monocytic forms. The time
course of differentiation over 5 days is shown in Fig. 5a.

The same kind of analysis was carried out on HL-60-ITS cells, shown in Table 2
for the state of differentiation at 5 days, and the time course over 5 days appears in Fig.
5b. The most significant difference seen in the absence of serum is the greater efficacy
of the anti-c-myc oligomer, nearly approximating that of 1% Me2SO. Both in the
presence and absence of serum, the predominant changes seen in Tables 1 and 2
occurred in the myelocyte/metamyelocyte category. That is, induction of differentiation
by the anti-c.myc oligomer did not significantly drive the cells into the segmented or
hypersegmented neutrophil categories.
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I
Cytockemical Assays

The positive results found by morphological analysis of cells treated with daily additions
of antisense oligodeoxynucleotides required confirmation by cytochemical assays for
granulocyt-c or monocytic differentiation. Sudan black stains lipophilic granules
characteristic of granulocytic differentiation, while monocytic cells stain weakly
(Sheehan and Storey, 1947). HL-60-ITS cells stayed in the range of 40-50% positive for
Sudan black incorporation for 5 days, as did cells treated daily with anti-VSV oligomer
(Fig. 6a). On the other hand, cells treated daily with and-c-myc oligomer, or with
Me2SO, rose to over 80% positive by 5 days, while cells treated with PMA failed to take
up Sudan black at all by 2 days. Similarly striking results were seen with HL-60-FBS cells
(not show').

NBT is reduced intracellularly to insoluble formazan by superoxide, which is
generated by PMA induction of phagocytosis-associated oxidative metabolism in normal
granulocytes (DeChatelet et al., 1976) and differentiated H.-60 cells (Collins et al.,
1979). Hence, a high level of NBT reduction correlates with terminally differentiated
mature granulocytic cells, a low ievel of NBT reduction correlates with immature or
non-differentiated cells, while the complete lack of NBT reduction is associated with
monocyric or lymphocytic differentiation (Collins et al., 1979). Accordingly, untreated
HL-60-ITS cells stayed In the neighborhood of 30% positive for NBT reduction over 5
days, as did cells treated daily with anti-VSV oligomer,, while cells treated daily with anti-
c-myc ol!gomer rose to about 60% positive by 5 days, and cells treated with Me2SO rose
to about 80% (Fig. 6b). In contrast, cells treated with PMA decreased by the first day to
less than 5% positive. Comparable clearcut results were seen with IIL-60-FBS cells (not
shown).

High levels of naphthol AS-D chloroacetate esterase activity have been observed in
myeloblasts, promyelocytes, and granulocytes while little or no activity has been noted
in monocytes. Conversely, high levels of a-naphthyl acetate ebterase activity have been
found in monocytes but irvt in myeloblasts, promyelocytes, or granulocytes (Yam, et al.,
1971). Hence, h-coh leve, ,'" naphthol AS-D chloroacetate esterase correlate with
immature cells and maur,.g cells differentiating along the granulocytic pathway while
high levels of a-naphthyl ace .. e esterase activity correlate with cells maturing along the
monocytic pathway. Untreated HL-60-ITS cells and those treated daily with anti-VSV
oligomer leveled out by three days at about 30% positive for naphthol AS-D
chloroacetate esterase while those treated with anti-c-myc oligomer rose to about 50%
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positive. In ,ontrast, cells treated with Me2SO were over 90% positive for chloroacetate
esterase by tour days, while those treated with PMA displayed no detectable activity after
only one day of treatment (Fig. 6c). Untreated, Me 2SO, anti-VSV, and anti-c-myc treated
cells were fbund to be less than 2% positive for a-naphthyl acetate esterase while PMA
treated cells were greater than 90% positive (not shown). Virtually the same pattern
was observed for HL-60-FBS cells (not shown).

.-



Discussion

The observation that HL-60 cells grew in a serum-free medium implies that growth
factors in serum are not absolutely essential for their proliferation, with the possible
exceptions of insulin, transferrin, and sodium selenite. It is significant, however, that
the level of c-myc.encoded p65 decreased, and the doubling time increased, in the
absence of serum. Hence, one must assume that at least some of the missing serum
factors play a stimulatory role in the HL-60 cell cycle. On the other hand, the extent of
differentiation was the same under both culture conditions.

The greater antiproliferative efficacy of a single addition of anti-c-myc oligomer in
the absence of serum is consistent with the hypothesis that serum nucleases limit the
amount of oligomer which may be taken up by cells over the 5 days of the experiment.
In both cases, inhibition of proliferation was dose-dependent. Daily addition of anti-
c-myc oligomer inhibited proliferation more than a single addition, consistent with the
observation that oligodeoxynucleotides taken up by cells turn over within 1-2 days. The
greater efficacy of daily addition was observed both in the presence and absence of
serum, with an even stronger effect in the absence of serum. Comparing Figs. 2a with
3b, one sees that daily addition of 10 LM anti-c-myc oligomer in the absence of serum
was roughly three times as effective as an antiproliferative as a single addition in the
presence of serum. In no case did the control anti-VSV oiigomer display any effect on
proliferation, while the cells were similarly inhibited by Me 2SO and PMA in the presence
and in the absence of serum.

Examination of colony formation in semisolid medium provided an answer to the
question of whether the HL-60 cell culture contained a subpopulation resistant to
antisense inhibition of c.myc expression. As the concentration of daily replenished anti-
c.myc oligomer was increased, the number of cells forming colonies decreased, and in
addition the size of colonies themselves decreased. This result reaffirms the observation
that c.myc expression was inhibited significantly in all cells following single addition of
antisense oligomer (Wickstrom, et al., 1988b).

Antisense inhibition of c-myc gene expression in HL-60 cells grown in the
presence of serum, treated with a single addition of anti.c-myc oligomer, has been
observed to enhance differentiation along the granulocytic pathway (Wickstrom, et al.,
1988b; Holt, et al., 1988). In the results presented above, the differential counts of cells
treated daily with antisense oligomers provided a detailed profile of the extent of

-10-



differentiation of each population. Daily addition of 10 AM anti.c-myc oligomer to
HL-60 cells grown without serum was found to induce terminal differentiation almost as
effectively as 1% Me2SO.

Cytochemical assays of HL-60 cell differentiation confirmed the morphological
analyses. Sudan black staining gave the stronget response, while NBT reduction and
naphthol AS-D chloroacetate activity showed a greater response to Me2SO than to anti-
c-myc oligomer. In the latter two assays, differentiation induced by anti-c-myc oligomer
was similar in both the presence and absence of serum. Perhaps uptake of Sudan black
reaches a maximum as soon as promyelocytes enter the myelocyte/metamyelocyte stage,
while superoxide and esterase levels may not maximize until the final granu!ocytic
stages.

These observations suggest that it might be possible to keep c-myc-transformed
leukemic cells under control by daily administration of an antisense oligomer
concentration, 10 AM, which was not found to inhibit c-myc p65 expression in normal
peripheral blood lymphocytes stimulated by phytohemagglutinin (Heikkila, et al., 1987).
On the other hand, the differential counts and cytochemical assays revealed that HL-60
cells treated daily with anti-c-myc oligomer did not differentiate into fully mature
granulocytic forms, but were found primarily in intermediate forms along the
granulocytic pathway. It is worth asking whether continued antisense oligomer
treatment beyond five days would differentiate the cells completely, and whether
discontinuation of treatment would lead the cells to revert to promyelocytic form*s.

While it is now clear that down-regulation of c-myc inhibits replication, it is not at
all clear how a decrease in p65 stimulates differentiation along the granulocytic
pathway, as opposed to the monocytic pathway. Elucidation of this question requires
examination of the impact of anti-c-myc oligomer treatment on both transcription and
translation of a panel of developmental and cell cycle genes, in a variety of normal and
transformed cell lines. It will also be useful to probe a variety of sites along the c.myc
mRNA in order to find an optimal target for antisense inhibition, and to study efficacy as
a function of oligomer length.
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Materials and methods

Cell Culture

HL-60 cells were grown and maintained in log phase with greater than 85% viability in
RPMI 1640 (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Sigma) at 37' C in a 5% CO 2 atmosphere saturated with water (-L-60-FBS). A serum-
free culture was established by transferring 1 ml of RPMI 1640 with 10% FBS, containing
106 cells, into 9 ml of RPMI 1640 supplemented with 0.4% bovine serum albumin (BSA),
1:1000 Insulin-Transferrin-Sodium Selenite medium supplement (ITS) (Sigma) and
gradually decreasing percentages of FBS over a 3 week period until cells were able to
maintain greater than 80% viability without FBS (HL-60-ITS). For growth in semisolid
media, the latter media also contained 2% methyl cellulose (Fluka, 4000 mP.s) (Graf, et
al., 1981). All tissue culture media contained 105 units of penicillin, 0.1 g streptomycin
and 0.5 g gentamicin per liter. Cell titers and viability were determined by trypan blue
(Gibco) dye exclusion. Error bars in cell counts represent one root-mean-square
standard deviation for multiple determination, or V'n for single counts of large numbers.
Adherence of cells to tissue culture plates was analyzed by washing the empty plate with
warm medium, decanting, adding 0.1% trypsin for 10 min., inactivating the trypsin with
an equal volume of warm medium, and counting 20 Al aliquots.

Radtoimmunoprecipation of c-mycp65 Protein

Samples of 2 - 3 x 106 cells from the HL.60-FBS and HL-60-ITS cultures were
sedimented, decanted, washed in PBS, and resuspended in 0.5 ml of cysteine-free RPMI
1640 (GIBCO) supplemented with 10% FBS or BSA-ITS and [35S]cysteine, 1022 Ci/mmol
(du Pont/New England Nuclear) at 300 ACi/ml. Each sample was grown for an
additional 1.5 hr, after which the cells were sedimented, washed, lysed,
immunoprecipitated, electrophoresed, and fluorographed as described (Wickstrom, et
al., 1988a).
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Cell Treatment

HL-60 cells were sedimented, decanted, and resuspended in fresh RPMI 1640 with 10%
FBS or RPMI 1640 with ITS-BSA to a concentration of 105 cells/ml, and then incubated
for 24 hrs in the wells of culture plates in order to re-establish logarithmic growth
before addition of modulators. 1% (v/v) Me 2SO (Sigma), 16 nM PMA (Sigma), anti-c-myc
oligomer, or anti-VSV oligomer were then added directly to the suspensions at
concentrations detailed in the text. The anti-VSV oligomer 5'-dTTGGGATAACACTTA-3'
and anti-c-myc oligomer 5'-dAACGTTGAGGGGCAT-3' were prepared as before
(Wickstrom et al., 1988a).

For experiments in semisolid media, aliquots of HL-60 cells (< 10 /1) containing
i 0 cells were diluted to 1 ml in semisolid IMI 1640 with 10% FBS or semisolid RPMI
1640 with BSA-ITS. The semisolid media contained no addition, 1% Me2SO (Sigma), 16
nM PMA (Sigma), anti-c-myc oligomer, or anti-VSV oligomer at concentrations detailed
in the text. For subsequent daily additions, the suspensions were mixed after each
oligomer addition.

Colony Formation in Semisolid Media

Tissue culture cell wells (Corning) containing 104 cells in 1 ml of semisolid RPMI 1640
with 10% FBS or semisolid RPMI 1640 with BSA-ITS media were visualized
microscopically and colonies of two or more cells were counted and compared with
single cell counts. Percentages of cells forming colonies were determined daily by
counting 200 colonies/cells in the same quadrant of the well.

Cell Differentiation and Mitotic Index

Treated and control cell suspensions were thoroughly mixed, and aliquots of 200-600 /l
were sedimented onto microscope slides using a Shandon Cytospin II (Surrey,
England). Cell monolayers were Wrighr-Giemsa stained (ASP), and cell differentiation
and mitotic index were determined simultaneously under light microscopy on 1000
cells. Cells scored as myeloblasts/promyelocytes and dividing cells were considered
undifferentiated. Those scored as myelocytes/metamyelocytes, banded neutrophils,
segmented neutrophils, and hypersegmented neutrophils were considered
differentiated.

.13-



Cytochemical Assays for Differentiation

Cell monolayers on slides, prepared as above, were used in cytochemical assays for
uptake of sudan black (Sigma) (Sheehan and Storey, 1947), reduction of nitroblue
tetrazolium (NBT) (Sigma) (Collins et al., 1979), and activity of a.naphthyl acetate
esterase, and naphthol AS-D chloroacetate esterase (Sigma) (Yam et al., 1971),
according to the published methods.

Acknowledgments

We thank Dr. Rosemary Watt for samples of antiserum against c-myc p65 protein, Dr.
Thomas Graf for discussions of growth in semisolid media, Dr. Julie Djeu for a sample
of HL-60 cells, and Dr. Gary Grotendorst for a critical reading of the manuscript. This
work was supported by grants to E. W. from the US National Institutes of Health, CA
42960, the Leukemia Society of America, and the American Cancer Society Florida
Division.

REFERENCES

Bishop, J. M. (1987). Science, 235, 305-311.

Classon, M., Henriksson, M., Sfimegi, J., Klein, G. & Hammarskj6ld, M. L. (1987).
Nature, 330, 272-274.

Cole, M. D. (1986). Annu. Rev. Genet., 20, 361-384.

Collins, S. and Groudine, M. (1982). Nature, 298, 679-681.

Collins, S. J., Gallo, R C. & Gallagher, R. E. (1977). Nature, 270, 347-349.

Collins, S. J., Ruscetti, F. W., Gallagher, R. E. & Gallo, R. C. (1978). Proc. Nat. Acad. Sci.
USA, 75, 2458-2462.

Collins, S.J., Ruscetti, F. W., Gallagher, R. E. & Gallo, R. C. (1979).J. Exp. Med., 149,
969-974.

Coppola, J. A. & Cole, M. D. (1986). Nature, 320, 760-763.

.14-



DeChatelet, L. R., Shirley, P. S. & Johnston, R. B. (1976). Blood, 47, 545-554.

Filmus, J. & Buick, R. N. (1985). Cancer Res., 45, 822-825.

Graf, T., von Kirchbach, A. & Beug, H. (1981). Exp. CellRes., 131, 331-343.

Heikkila, R., Schwab, G., Wickstrom, E., Loke, S. L., Watt, I. & Neckers, L. M. (1987).
Nature, 328, 445-449.

Holt, J. T., Redner, R. L. & Nienhuis, A. W. (1988). Mol. Cell. BioL, 8, 963-973.

Iguchi-Ariga, S. M. M., Itani, T., Kiji, Y., & Ariga, H. (1987). FMBQJ., 6, 2365-2371.

Klein, G. & Klein, E. (1986). Cancer Res., 46, 3211-3224.

Rovera, G., Santoli, D. & Damsky, C. (1979). Proc. Natl. Acad. Sc. USA, 76, 2779-2783.

Schneider, M. D., Perryman, M. B., Payne, P. A., Spizz, G., Roberts, R. & Olson, E. N.
(1987). Mot Cell. BioL, 7, 1973-1977.

Sheehan, H. L. & Storey, G. W. (1947).J. Path. Bact., 59, 336-337.

Spector, D. L., Watt, I A. & Sullivan, N. F. (1987). Oncogene, 1, 5-12.

Westin, E. H., Wong-Staal, F., Gelmann, E. P. & 8 others (1982) ProcNatl. Acad. Sci. USA
79, 2490-2494.

Wickstrom,, E. L., Bacon, T. A., Gonzalez, A., Freeman, D. L., Lyman, G. H. & Wickstrom,
E. (1988a). Proc. Natl. Acad. Sc. USA, 85, 1028-1032.

Wickstrom, E. L., Bacon, T. A., Gonzalez, A., Lyman, G. H. & Wickstrom, E. (1988b).
Submitted for publication.

Wickstrom, E. (1986).J. Biochem. Biophys. Methods, 13, 97-102.

Yam, L. T., Li, C. Y. & Crosby, W. H. (1971). Am.j. Clin. Pathol., 55, 283-290.

-15-



Yokoyama, K & Imamoto, F. (1987). Proc. Nat. Acad. Sc. USA 84, 7363-7367.

. 16 -



Figure 1 c-myc p65 protein expression of untreated HL-60-FBS and HL-60-ITS cells
measured by immunoprecipitation. Cells were removed from culture on the second day
of logarithmic growth, titered, labeled with [35S]cysteine for 1.5 hr, lysed,
immunoprecipitated, electrophoresed, and fluorographed. Lane M, '4C-labeled
molecular mass standards; lane 1: 2 x 106 HL-60-FBS cells, with rabbit IgG; lane 2: 2 x
106 HL-60-FBS cells, with anti-p65 antibody; lane 3: 3 x 106 HL-60-FBS cells, with anti-
p65 antibody; lane 4. 2 x 106 HL-60-ITS cells, with rabbit IgG; lane 5: 2 x 106 HI-I60-TS
cells, with anti-p65 antibody; lane 6: 3 x 106 HL-60-ITS cells, with anti-p65 antibody.

Figure 2 Titers of cells treated with a single dose of antisense oligodeoxynucleotide
Me2SO or PMA in the presence or absence of serum. Ceils were grown for 5 days in
untreated medium (0), medium supplemented with 1% Me2SO (0), 16 nM PMA (7), 5
AM anti-VSV oligomer (*), 10 ALM anti.VSV oligomer (E]), 15 AM anti-VSV oligomer
(A), 5 AM anti-c-myc oligomer (*), 10/AM anti-c-rnyc oligomer (0) or 15 AM anti-
c-myc oligomer (A ). A, with serum, HL-60-FBS cells; B, without serum, HL-60-ITS cells.

Figure 3 Titers of cells treated with daily doses of antisense oligodeoxynucleotides, or
single doses of Me 2SO or PMA. Cells were grown for 5 days in untreated medium (0),
medium supplemented with 1% Me2SO (0), 16 nM PMA (V), anti-VSV oligomer (10
nmol/ml/day) ( [] ), or anti-c-myc oligomer (10 nmol/ml/day) ( U ). A, with serum,
HL-60.FBS cells; B, without serum, HL-60-ITS cells.

Figure 4 Colony formation by HL-60-FBS cells in semisolid medium treated with daily
doses of antisense oligodeoxynucleotides, or single doses of Me2SO or PMA. Cells were
grown for 5 days in untreated medium (A), medium supplemented with 1% Me2SO (B),
16 nM PMA (C), anti-VSV oligomer (10 nmol/ml/day) (D), anti.c-myc oligomer (10
nmol/ml/day) (E). A, light micrographs of representative portions of cultures; B,
percentages of cells forming colonies.

Figure 5 Percentage differentiation along the granulocytic pathway of cells treated with
daily doses of antisense oligodeoxynucleotides, or single doses of Me 2SO or PMA. Cells
were grown for 5 days in untreated medium (0), medium supplemented with 1%
Me 2SO (0), 16 nM PMA (V), anti-VSV oligomer (10 nmol/mllday) ([]), or anti-c-myc
oligomer (10 nmol/ml/day) (N). A, with serum, HL-60.FBS cells; B, without serum,
HL-60-ITS cells.
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Figure 6 Cytochemical assays of HL-60-ITS cells treated with daily doses of antisense
oligodeoxynucleotides, or single doses of Me 2SO or PMA. Cells were grown for 5 days
in untreated medium (0), medium supplemented with 1% Me 2SO (0), 16 nM PMA
(7), anti-VSV oligomer (10 nmol/ml/day) (E]), or anti-c-myc oligomer (10 nmol/ml/day)
(N1). A, Sudan black incorporation; B, NBT reduction; C, Naphthol AS-D chloroacetate
esterase activity.
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Summary

Degradation of a synthetic a-oligodeoxynucleotide was studied in order to compare its survival with
naturally occurring P-ofigodeoxynucleotides in five systems used for antisense hybridization arrest
experiments. In contrast to /3.oligodeoxy nucleo tides, a-oligodeoxynucleotides were not detectably de-
graded over 24 hi at 37 "C in HeLa cell pustinitochondrial cytoplasmic extract or RPMI 1640 with 10%
fetal bovine serum, and showed significant survival after 24 li at 37 0 C in rabbit reticulocyte lysate, fetal
bovine serum and hiuman serum.

Key words. a-OligudeuxynuL.leutide hydrolysis, Serum, hiuman, Serum, fetal bovine, Reticulocyte lysate.
rabbit; HeLa cell lysate; Deoxyribonuclease

Introduction

Unmodified synthetic antisciise oligodeoxynucleo tides have been successfully
used for sequence specific hybridization arrest of the expression ofindividual genes
in vitro [1-6] and in cell cultures [7-11]. Unfortunately, oligodeoxynucleo tides are
rapidly degraded by serum enzymes [121, and degrade in cells with a half-life of 12 l.
or less [8,11].

Oligodedxynucleoside miethy lpliosphonates have been developed as nuclease re-
sistant, uncharged oligodeoxy nucleo tide analogs, which have been successful as
antisense inhibitors in cell culture [10,13-15]. Contrary to expectations, the greater

Curresipundence address. E. WVkastroun, Departments of Chemistry and Biot-iemistry, University of Suuth
Florida, Tampa, FL 33620, U.S.A.
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!ongevity and lack of charge on oligodeoxynucleoside niethylphosphonates have not
resulted in significantly greater efficacy as antisense inhibitors than nornial
oligodeoxynucleotides. This is probably due to the asymmetry of the methylphos-
phonate moiety, yielding R and S diastereomers at each phosphodiester bond,
where only the S form has the same structure as a normal oligodeoxynucleotide
[16-18].

Oligodeoxynucleoside phosphorothioates, though ionic, display some nuclease
resistance [19], and may be more efficacious than either oligodeoxynucleotides or
oligodeoxynucleoside methylphosphonates as antisense inhibitors in cell culture [10].
They are also chiral, like tie oligodeoxynucleoside methylphosphonates.

In an effort to avoid the problems of chirality, but maximize nuclease resistance,
oligodeoxynucleotides have recently been synthesized with a-anomers of deoxynuc-
leotides, rather than the natural fl-anomers. These a-oligomers are achiral on
phosphorus, are 1-2 orders of magnitude more resistant to several nucleases in vitio
than are the normal 1 -oligomers, and hybridize strongly to P-oligomers and /3-ply-
mers in a parallel, rather than antiparallel manner [20-26].

The unnatural a-oligomers survive well in Xenopus oocytes, with a half-life of
over 8 h, compared with only 10 min for fi-oligomers [27]. The next question to be
answered concerning a-oligodeoxynucleotides is their survival in other common
experimental environments. We have made an attempt to answer tis question by
measuring the time course of labelled oligodeoxynucleotide degradation in rabbii
reticulocyte lysate, HeLa cell postmitochondrial supernatant, RPMI 1640 medium
with 10% fetal bovine serum, undiluted fetal bovine serum and adult human serum.
In these systems, the a-oligomer half-lives observed were of the order of 24 h or
more.

Materials and Methods

a-Oligodeoxyn ucleotide synthesis
The hexadecadeoxyn ucleotide a-[d(TAAAAGGGTGGGAATC)] was syithe-

sized from the four 5'-O-dimethoxytrityl-a-2'-deoxynucleoside-3'-O-[(methyl)-N, N-
(dilsopropylamino)] phosphoranidites, coupled to 5 '-OH-2-N-palnitoyl-a-2'-de-
oxyguanosine immobilized on controlled pore glass beads, using an Applied Bios s-
tems 381A synthesizer, as described [28,29].

End labelling
The hexadecadeoxynucleotide a-[d(TAAAAGGGTGGGAATC)] was 5'-end

labellkd with 5'-[y- 35 S]thioATP, 1300 Ci/mmol (du Pont/New England Nuclear),
using T4 polynucleotide k;-,ase, incubated for 6 li at 37°C and purified on a
denaturing 20% polyacrylamide gel, as described [30].

Degradation reactions
The labelled a-oligodeoxynucleotide was added to 25 tl aliquots of rabbit

reticulocyte lysate (Promega Biotec), HeLa cell cytoplasmic extract, RPML 1640
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(Sigma) with 10% fetal bovine serum (Sigma), undiluted fetal bovine serum (Sigma)
or undiluted adult human serum donated by one of us (T.A.B.). RPM! 1640
medium was developed at Roswell Park Memorial Institute, for the culture of
human normal and neoplastic leukocytes [31,32]. The samples were incubated at
370C and 3 t 1 aliquots were removed at 1, 2, 4, 8 and 24 h. Reactions were
terminated by the addition of each aliquot to 3 / l of 9 M urea, 10 mM EDTA,
0.05% xylene cyanol FF, 0.05% bromophenol blue.

Analysis of products
Each sample was analyzed by electrophoresis on denaturing 20% polyacrylarnide

gels as previously described [12], soaked in Fluorohance (RPI), dried onto Whatman
3MM paper, and fluorographed at - 80 0 C.

Results

Three independent sets of degradation reactions and analyses were carried out,
with similar results each time. Representative autoradiograms are shown in the

0 1 2 4 824

x

B

Fig. 1, Fluorogram of a-[5'. 35S]dTAAAAGGGTGGGAATC on denaturing 20% polyacrylamide gel
after incubation in 25 tl 1 rabbit reticulocyte lysate at 37 0 C. Lane numbers correspond to aliquots of 3 " 1
which were removed at 1, 2, 4, 8 and 24 h. The first lane, 0, is a control not exposed to the extr4ct, but

containing the same number of ,.pni as any other sample, X and B show the mobilities of xylene ,.yalwle
FF and bromophenol blue, respectively.
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01 2 4824

Fig. 2. Fluorogram of a.[5'- 33S]dTAAAAGGGAGGGAATC on denaturing 20% polyacrylainidc gel
after incubation in HecLa cell postmnitochondrial extract, as in Fig. 1.

0 12 4824

Fig. 3. Fluorogram of a-[5'-YS~dTAAAAGGGAGGGAATC on denaturing 20% polyacryLknide gcl
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01 24824

It,

Fig. 4. Fluorogramn of a.[5'-'5 S~dTAAAAGGGAGGGAATC on denaturing 20% polyacrylamide gel
after incubation in undiluted fetal bovine serum, as ir Fig. 1.

0 1 24824

Fig. 5. Fluorograrn of a-[5'.35 S~dTAAAAGGGAGGGAATC on denaturing 20% polyacrylamide gel

L~ ~ ~ ~ ~ ~ ~ ~~~~~~.41.. A.J# _____________________________________



316

figures below. No significant a-oligodeoxynucleotide degradation was detected il
rabbit reticulocyte lysate over the first 8 i, but by 24 hi, a decrease of about one
third was seen (Fig. 1).

In HeLa cell postmitochondrial cytoplasmic extracts, however, no degradation
was seen at any time point (Fig. 2). Similarly, in RPMI 1640 with 10% fetal bovine
serum, no significant degradation was detected at any time point (Fig. 3).

In undiluted fetal bovine serum, on the other hand, no degradation was apparent
over the first 8 h, but between 8 and 24 11 a decrease of about one half was seen (Fig.
4).

Undiluted human serum showed a slow steady decrease after 2 h, having
decreased by over one half at 24 h (Fig. 5).

Discuson

Degradation of -oligodeoxynucleotides was studied earlier [12] in four biological
systems in order to assess the importance of oligodeoxynucleotide hydrolysis during
hybridization arrest experiments. 5'-[y- 32P]Oligodeoxynucleotides were tested as
above in rabbit reticulocyte lysate, HeLa cell postmitochondrial cytoplasmic extract,
DMEM with 5% fetal bovine serum or undiluted bovine serum. No degradation was
detected over 90 min at 370 C in rabbit reticulocyte lysate or DMEM plus 5% fetal
bovine serum, while in HeLa cell cytoplasmic extract, degradation to families of
shorter oligodeoxynucleotides showed a half-life of about 30 min. Most importantly
in undiluted fetal bovine serum, degradation was complete within the first 15 main.
The very rapid degradation seen in fetal bovine serum confirmed the expectation
that unprotected oligodeoxynucleotides could not be used in a whole animal
experiment through the bloodstream route.

In the studies of a-oligodeoxynucleotide degradation described above, it is clear
that degradation is quite slow. Even in undiluted fetal bovine or adult human
serum, a significant fraction of the labelled a-oligodeoxynucleotide was still intact
after 24 h. Furthermore, the absence of a ladder of shorter oligodeoxynucleotides
implies that disappearance of labelled a-oligodeoxynucleotides from the gel was not
due to endonuclease or 3'-exonuclease activity, but rather to 5'-phosphatase or
5 '-exonuclease activity. Hence, a-oligodeoxynucleotides represent a plausible method
for attempting antisense oligodeoxynucleotide hybrid arrest in cultured cells and
whole animal systems, with reasonable expectation of slow turnover.

Simplified description of the method and its applications

Antisense oligodeoxynucleotide hybridization arrest of mRNA translation depends on minimal
degradation of the oligodeoxynucleotide during the experiment. This work shows that one may carry out
a hybridization arrest experiment with an unprotected a-oligodeoxynucleotide for up to 24 h in rabbit
reticulocyte lysate, HeLa cell postmitochondrial lysate, RPMI 1640 with 10% fetal bovine serum,
undiluted fetal bovine serum or adult human serum. Hence, whole animal experiments should be feasible
by intravenous administration.
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Introduction

The human immunodeficiency virus (HIV) encodes for several re-

gulatory proteins which are essential for expression. The Tat

protein, directly or indirectly, increases the utilization of

mRNA. In human cells Tat causes an increase in the level of

mRNA by approximately 10 times, whereas the amount of protein

produced increases 500 fold. Tat is of relatively small size

(86 residues), but its unusual composition and complex

sequence pose exception synthetic problems. These include the

presence of a strongly basic Arg rich region which might bind

nucleic acids, the presence of many Gln residues, and also of

7 Cys residues. All Cys residues exist in free SH forms coor-

dinated to 4 zinc atoms in a dimer. The synthesis of even un-

complicated proteins remains fraught with uncertainties. Al-

most all examples have employed the classical Merrifield

method of synthesis, although the harsh acid deprotection is

damaging in sensitive cases. One aim of this work was to test

improvements to Fmoc protocols developed in the Biosearch lab-

oratories. Other aims were to obtain sufficient pure material

to analyze the structure and function of Tat and of partially

protected forms and fragments.



Results

Polystyrene was selected for the support rather than encapsu-

lated polydimethylacrylamide. The efficient (1) and generally

useful (2) BOP + HOBt coupling method was adopted. The syn-

thesis was performed on a MilliGen/Biosearch Model 9600 using

protection and coupling times as shown in the table below.

IlV-tat Protein:

Sequence, Protection and Coupling Information

Residue Met Giu Peo Val Asp P Arg Leu Glu Prn Trp Lys His
No. I 2 3 4 5 6 7 8 9 10 II 12 13

PRe teIM . Bu OB ut kilut .%tle OBu -. Bc : Fmne
Ciu1dng Tnie 2 2 2 2 2 2 2 2 2 2 2 2 2

Sts)

Residue Pm Gly Set Gin Pm Lys Tlr Ali Cys Tin Ass Cys Tyr
No 14 15 16 17 18 19 20 21 22 23 24 25 26

' i tion But Thob BC But Tet But • To But
Coupling ime 2 2 2 2 2 2 2 2 2 2 2 2 2

Residue C)s Lys L)s C)s Cys Phe His Cys Gin Val Cis Phe Be
No 27 28 29 30 31 32 33 34 35 36 3 38 39

Protection An Bo Boc Aco Arn Frnoc Tn Tnb Tin
.aylng Time 2 2 2 2 2 2 2 2 2 2 2 2 2hni ,

Residue The Lts Ala Leu Gy Be Se Tyr Gly Arg Lis L)s Axg
hNo in 41 42 43 44 45 46 47 48 49 50 SI 52

PmVectoi But Ik - but But - Mirt BO. Bx Mt
Coupnj le tt 2 I 1 1 1 2 1 1 1 2 1 2 2

Residue Ars Gin Arv Ag At Pm Pm Gin Gly St Gin Tin his
No 53 St 55 56 57 58 59 60 61 62 63 64 65

Proiectiun Mu Ttb Mit Mir Stit Triob . But Trnob But Fmcc
Coupling Time 2 2 2 2 2 I I I I I 2 2 2

Residue Gin %at Sr Leu St L)i Gin Pro The See Gin Set Aig
No 66 67 68 69 ,0 71 72 73 74 75 76 77 78

PIrection Tnrub But But Boc Tmub . But But Tmob But Mtr
Coupling gie 2 I I I I 1 2 1 I I 1 1 I

thrs)

Residue Gly Asp Pm The Gly Pro L)s Gtu
No. 79 So 81 82 83 84 5 86

Prottion Bit But Bx- OBut
Coupn "ime I I I I i I 2

thirst

Samples, arrowed, and the final product were treated with

Reagent R (TFA/Thioanisole/ethane dithiol/anisole; 90:5:3:2,

8 hours) which cleanly removed Mtr protection. The products

were assessed by HPLC, AAA and sequencing. All peptides gave

single main peaks on HPLC after DTT reduction, and sequenced

correctly. No preview resulting from incomplete coupling was

detected. The figure on the following page shows the poly-

acrylamide gel electrophoresis of fully reduced and tris Acm

forms of materials from G50-50 Sephadex chromatography.
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SDS- Gel 215
Electrophoresis
of 86-mer fractions 14.4,. ,

4..*, 14.3

Sti ,c3 e4 d4 f5
c4 e3 St2 d3 f4

3 or 4 designates void volume or subsequent fraction respect-
ively; d & f are tris (Acm) derivatives, c & e are after
Hg(OAc) 2 treatment; c & d are cleaved with Reagent R for 8

hours, f & e for 16 hours, standards were: Stl is Sigma
MWSD517, St2 Amersham "Rainbow Markers".

Conclusions

The results demonstrate a highly efficient assembly of one of

the most complex series of peptides yet prepared by Fmoc-

mediated solid phase synthesis. No data is available on bio-

logical activity as yet.
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ABSTRACT The nature of antisense oligodeoxynucleotide inhibition of

translation and its relation to the predicted secondary structure of human

c.myc oncogene mRNA were examined. A series of different antisense

pentadecamers complementary to predicted loops, bulges and helices

between the cap and initiation codon regions of c-myc mRNA were

synthesized. HL-60 cells in culture were treated for 24 hr with 1 - 10 AM

of each oligomer, plus controls. The levels of c-myc p65 antigen were

then analyzed by radioimmunoprecipitation and laser densitometry. The

efficacy of the cap antisense sequence in reducing p65 expression was

roughly twice that of the original [Wickstrom, E. L., Bacon, T. A.,

Gonzalez, A., Freeman, D. L., Lyman, G. H. and Wickstrom, E. (1988) Proc.

Nati. Acad. Sci. USA 85, 1028-10321 initiation codon antisense sequence.

However, the other target sequences downstream of the cap, and up to

the initiation codon, were much less effective. At the initiation codon

target, a dodecamer was about half as effective as the original

pentadecamer, as was a pentadecamer with two mismatches. Similarl), an

octadecamer was about twice as effective. However, these differences are

much less dramatic than a simple thermodynamic model would have

-2-



predicted. The observation of variation in antisense efficacy as a function

of target location in c-myc mRNA may represent a combination of the

effects of both RNase H attack, at all targets, and genuine hybrid arrest of

translation, at the sensitive cap and initiation codon sites. Alternatively,

the latter two targets might be those which are the most exposed in the

tertiary structure of c-myc mRNA.

The ability to turn off individual genes at will in growing cells

provides a powerful tool for elucidating the role of a particular gene, and

for therapeutic intervention when that gene is overexpressed. In

principle, one needs to identify a unique target sequence in the gene of

interest, and prepare a complementary oligonucleotide against the target

sequence, in order to disrupt translation (1). This approach, which is

called antisense inhibition (2), may utilize either RNA (3) or DNA (4).

Antisense oligodeoxynucleotides have been utilized against a wide variety

of target genes, in viral, bacterial, plant, and animal systems, both in cell.

free extracts and in whole cells (5 (rev.)).

Cancerous cells display overexpression or mutant expression of one

or more of the genes normally used in cell proliferation. Such genes are

.3-



called proto-oncogenes (6). The proto-oncogene c-myc, an evolutionarily

conserved gene found in all vertebrates, has been found to be

overexpressed in a wide variety of human leukemias and solid tumors (7).

The c-myc gene expresses a nuclear protein with an electrophoretic

apparent molecular mass of 65 kD (p65) (8,9), and overexpression of p65

promotes replication of SV40 DNA (10). Inhibition of c.myc p65

expression by an antisense oligodeoxynucleotide targeted against a

predicted loop containing the initiation codon of the human c-myc mRNA

was found to inhibit mitogen-stimulated human peripheral blood

lymphocytes from entering S phase (11), and was observed to inhibit

HL-60 cells from proliferating (12), in a sequence-specific, dose-dependent

manner. Hence, it appears likely that the c-myc gene product plays some

direct or indirect role in replication. No characteristic DNA binding

sequence has been found for p6 5, and its amino acid sequence places it in

the category of leucine zipper proteins, which are theorized to regulate

gene expression by interactions with other similar proteins along their

leucine zipper a-helical backbones (13).

-4-



Furthermore, overexpression of p65 usually correlates with inability

of cells to differentiate (14,15). In contrast, induction of HL-60 cell

differentiation with Me 2SO coincides with a decline in c-myc mRNA (16)

and the ability of the HL-60 cells to form colonies in semisolid medium

(17). It now appears that c-myc p65 derepresses negatively regulated

proliferative genes at the transcriptional level (18). Like Me2SO, the anti-

c-myc initiation region oligomer was found to elicit a sequence-specific

increase in HL-60 cell differentiation along the granulocytic line, and

inhibition of colony formation in semisolid medium (19). Daily addition

of anti-c-myc oligomer for five days was fully as effective as 1% Me 2SO

(Bacon, et al., unpublished results). On the other hand, c-myc antisense

RNA was reported to induce HL-60 cell differentiation along the monocytic

line (20).

The mechanism of antisense oligodeoxynucleotide inhibition was

first assumed to be hybridization arrest of mRNA translation by ribosomes

(4), but also clearly depends on RNase H attack on the RNA/DNA hybrid

formed between the mRNA and the antisense oligodeoxynucleotide (21).

Our choice of the c-myc mRNA initiation codon region as a target was

-5-



based on calculation of a possible secondary structure (Fig. 1), in the

absence of experimental evidence. Calculations of mRNA secondary

structures often place the initiation codon in a single stranded region

following a highly basepaired 5' untranslated leader (25). In an effort to

test the validity of the secondary structure ,,ediction, a series of different

antisense pentadecamers complementary to predicted loops, bulges and

helices between the cap and initiation codon regions of c.myc mRNA were

synthesized, and their efficacy as antisense inhibitors was measured. The

dependence of antisense inhibition at the initiation codon target on

oligomer length was also examined.

MATERIALS AND MF':"HODS

Cell Culture. HL.60 cells were grown and maintained in log phase

with greater than 90% viability In RPMI 1640 (Sigma) supplemented with

10% heat-inactivated fetal bovine serum (Sigma) at 37C in a 5% CO 2

atmosphere saturated with water. All tissue culture media contained 105

units of penicillin, 0.1 g streptomycin and 0.5 g gentamicin per liter. Cell

titers and viability were determined by trypan blue (Gibco) dye exclusion.

-6-



Cell Treatment. HL-60 cells were sedimented, decanted, and

resuspended in fresh culture medium to a concentration of 2 x 106

cells/ml, and then incubated for 24 hrs in the wells of culture plates in

order to re-establish logarithmic growth before addition of modulators.

Antisense oligodeoxynucleotides (Table 1) were synthesized on a

Biosearch 8750 DNA synthesizer, purified as before (12) on an ISCO

liquid chromatograph, and added directly to cell suspensions at

concentrations detailed in the text.

Radioimmunoprecipation of c-myc p6 5 Protein. Samples of 2 x

106 cells from the HL-60 cultur6 were sedimented, decanted, washed in

PBS, and resuspended in 1 ml of cysteine/methionine-free RPMI 1640

(Gibco) supplemented with 10% fetal bovine serum, L-cysteine, (1066

Ci/mmol; 1 Ci = 37 GBq; du Pont/New England Nuclear) at 300 ,Ci/ml

and L-methionine, (1198 Ci/mmol; du Pont/New England Nuclear) at 300

pACi/ml. Each sample was grown for an additional 1.5 hr, after which the

cells were sedimented, washed, lysed, immunoprecipitated,

electrophoresed, fluorogtaphed, and quantitated by densitometry as

described (12).

-7,



RESULTS

Prediction of antisense targets. Calculation of one possible

secondary structure for the entire 2121-nt human c-myc mRNA from K562

human erythroleukemia cells (12) (Fig. 1) placed the initiation codon in a

large bulge loop 559 nt downstream from the cap. This predicted loop

was chosen as the initial target for antisense inhibition, on the assumption

that those nucleotides might be readily available for hybridization arrest.

The efficacy of c-myc inhibition which we found by utilizing this target

(11,12,19) was consistent with its predicted accessibility, but is hardly a

test of the secondary structure model. Hence, a series of antisense

oligodeoxynucleotides was prepared against a series of predicted stems,

loops, and bulges from the cap to the initiation codon region, including a

predicted hairpin just downstream of the AUG (Table 1). If it is assumed

that antisense inhibition depends on the accessibility of differenL portions

of mRNA to their complementary oligomers, then one expects that the

effectiveness of each of the sequences in Table 1 should correlate with the

extent of secondary structure at each mRNA target.

.8,



Similarly, the effectiveness of antisense inhibition at each target in

c-myc mRNA should increase with the length of the antisense oligomer, in

proportion to the increased free energy of binding. If one literally

assumed that an antisense 12-mer, 15-mer, and 18-mer directed against the

predicted initiation codon loop could bind freely with all complementary

residues in the mRNA target, then the association constant of a 15-mer

would be orders of magnitude greater than that of a 12-mer, and the

binding of an 18-mer would be ( rders of magnitude greater than that of

the 15-mer. In order to test this simple model, antisense oligomers were

synthesized against the initiation codon and the next three, four, and five

codons (Table 1). The effects of mismatches were examined in one

pentadecamer analog of the initation codon antisense sequence which

contained two nonadjacent mismatches.

Efficacy at different sites. The efficacy of each oligomer was

measured by radioimmunoprecipitation of c-myc p65 antigen from

untreated HL-60 cells and cells treated with 10/zM of each oligomer for 24

hr (Fig. 2). Quantitation of p65 bands appears in Fig. 3. The degree of

variation in this method may be seen by comparing control lanes B and U,

.9-



as well as sequence control lanes D and E. The 5' cap sequence (F),

which appears in the predicted structure as a weak stem and bulge region,

was more than twice as sensitive a target as the original initiation codon

sequence (0), which occurs in an even weaker bulge and stem area in Fig.

1. Even the oligomer directed against nt 9-23 (G), slightly downstream

from the cap, was more effective than the initiation codon oligomer,

despite the prediction that sequence G was included in a strong stem.

Sequence H, directed against a predicted hairpin loop and bulge

beginning i27 nt downstream from the cap, was less effective than our

standard sequence 0, as were targets I, supposedly a weak helical region,

K, a putative hairpin loop, and M, which began in a helical region

upstream of the initiation AUG, and overlapped sequence 0 by 7 nt. The

efficacy of sequences J, calculated to be a tight hairpin, and L, predicted to

occur in a weak helix, were comparable to the initiation codon sequence

0. Sequent - S, just downstream of the initiation codon sequence,

showed almost no inhibition.

Upon varying the length of the initiation codon probes, it was found

that sequence N, which was only 12 nt, was half as effective as the 15-mer

-10-



0, while the 18-mer R was about twice as effective. The analog of

sequence 0 containing two separated mismatches, P, was less effective

than 0, but more so than the 12-mer.

Concentration dependence of antisense inhibition. The strong

efficacy at the 5' end, and the length dependence of inhibition at the

initiation codon target, were studied as a function of oligomer

concentration, in order to test the validity of the observations at 10 AM

(Fig. 4). Despite significant variability, it was apparent that antisense

inhibition was dose dependent, and that the relative efficacies at 10 AM

(Fig. 3) were consistent with those seen in the concentration ramps.

DISCUSSION

The pattern of antisense inhibition as a function of target sequence

described above for human c-myc mRNA does not correlate with the

particular secondary structure of the message predicted in Fig. 1. The

most sensitive sites were the 5' cap and the initiation codon regions.

Similar results have been found for antisense oligodeoxynucleotide

inhibition of rabbit globin mRNA translation in cell-free extracts (27,28).
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On the other hand, antisense inhibition of human immunodeficiency virus

mRNA translation in infected cells revealed that the most efficacious

targets in the viral system were the 3' polyadenylation signal, 5' leader

sequences at nt 54-73 and 162-181, and the splice acceptor site at nt

5349-5368, rather than the cap or initiation codon, which were a little less

sensitive (29).

To the extent that antisense inhibition depends on genuine hybrid

arrest of ribosomal translation of an mRNA, it is logical that those sites in a

message which are recognized by initiation factors would be the most

sensitive. To the extent that antisense inhibition depends on RNase H

hydrolysis of antisense oligodeoxynucleotide/mRNA hybrids, the sensitivity

of each site in a message should correlate with its accessibility, as

determined by its secondary and tertiary structure. From the observations

presented above for c-myc mRNA in whole HL-60 cells, RNase H activity

may be a secondary effect in this system relative to hybrid arrest of

initiation. On the other hand, it is also possible that the most sensitive

sites are those which are most exposed in the tertiary structure of c-myc

- 12-



mRNA, which would allow preferential binding to antisense oligomers,

and resulting hydrolysis by RNase H.

Independent of mechanism, the much greater sensitivity of the cap

and initiation codon sequences to antisense inhibition is also at odds with

the scanning model for ribosomal translation of eukaryotic messages (30).

Human c-myc mRNA has a 558 nt untranslated 5' leader, which contains

no upstream AUGs (22), but also initiates at a CUG 14 codons upstream of

the AUG initiation codon (31). In principle, any DNA/RNA hybrid from

the cap to the genuine initiation codon should inhibit scanning similarly,

but this was not observed for c-myc mRNA. Indeed, most oncogene

mRNAs whose sequences are known possess long 5' untranslated leaders

with upstream AUGs, yet they are efficient messages (25). Perhaps

oncogene mRNAs share with some viral mRNAs the ability to initiate

translation directly at internal AUGs without scanning (32,33).

Eukaryotic initiation factors eIF4F and eIF4B are essential for mRNA

association with 40S ribosomal subunits (34). It has been observed that

wheat germ initiation factor eIF4B binds to the initiation codon region of

uncapped satellite tobacco necrosis virus RNA (35), and that rabbit

.13-



reticulocyte eIF4B binds specifically to AUG (36). Both eIF4F, which

includes eIF4A, eIF4E, and a 220 kD subunit, and eIF4B may be

crosslinked to the oxidized 5' cap region of mRNA, if ATP is present (34).

These observations allow for the possibility that the 5' cap and the AUG

used for initiation are located close to each other in the tertiary structure

of human c-myc mRNA, and interact either sequentially (25) or

simultaneously with initiation factors to effect initiation.

The modest dependence of antisense effectiveness on oligomer

length at the initiation codon target, and the residual efficacy of the

pentadecamer with two mismatches, imply that none of the oligomers

employed against the initiation codon region hybridize completely to the

message. This is consistent with the prediction in Fig. 1 that the AUG is

exposed in a bulge, rather than a large loop, as predicted for a 400 nt

portion of c-myc mRNA centered on the initiation codon (12). If antisense

inhibition is most effective at cap and initiation codon sequences, and a

more modest phenomenon in untranslated leaders and coding regions,

then even in a human system a 12-mer may display sufficient statistical

uniqueness, among the available targets, for gene-specific inhibition.

-14-



The dependence of antisense inhibition on mRNA secondary and

tertiary structure, and the relevance of cap and initiation codon sensitivity

to the mechanism of translational initiation, should be tested in more

detail. Additional targets should be probed, such as the upstream initiator

CUG, splice junctions in the original transcript, more sites in the coding

region, and in the 3' tail. At the most sensitive sites, concentration

dependence should be studied for each oligomer size ove. a broader

range, in order to determine the optimum sequence and length for

maximum efficacy and specificity. The independence of the cap and AUG

sites should be examined by assessing the effectiveness of combinations of

their respective antisense oligodeoxynucleotides. Finally, the separation

of the cap and initiation codon within the mRNA tertiary structure should

be tested by preparing oligomers containing both antisense sequences in a

single molecule, separated by variable length deoxynucleotide molecular

rulers, and measuring their efficacy.
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Table 1. Antisense Oligocleoxynucleotide Target Sequences

Target Target Antisense

Label Location Sequence

D VSV-M 5'-d(TITG GGA TAA CAC TTA)-3'

E -45 to -31 5'-d(CTC GGA TrATAA AGG)-3'

F 1 to 14 5'-d(GCA GAG CTC GGG GGT)-3'

G 9 to 23 5' -d(CCG GCG GTG GCG GCC).3'

H 127 to 141 5'-d (GCC CCG AAA ACC GGC)-3'

1 207 to 221 5'-d(CGC CCG GCT CF17 GCA)-3'

J 277 to 291 5'-d(TGG GCG AGA GGG GAA)-3'

K 382 to 396 5'-d(GTG TTG TAA GTT CCA)-3'

L 536 to 550 5'-d(GAG GCT OCT GGT 'LT[)-3'

M 551 to 565 5'-d(GGG GCA TCG TCG CGG)-3'

N 559 to 570 5'-d(GTT GAG 000 GATI)-3'

o 559 to 573 5'-d(AAC GIT GAG GGG CAT)-3'

P 559 to 573 5'-d(AAC GTT GtG GaG CATI)-3'

Q 559 to 573 5'-d(CTG AAG TGG CAT GAG)-3'

R 559 to 567 5--d(GCT AAC GT[ GAG GGG CAT)-3'

S 574 to 588 5'-d(CCT GT~l GGT GAA GCT)-3'
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Legend to Table 1

Antisense oligodeoxynucleotide sequences targeted against predicted

stems, loops and bulges in the calculated secondary structure of the

human c-myc mRNA (Fig. 1). Labels correspond to targets in Fig. 1

and lanes in Figs. 3 and 4. Sequences are numbered according to

the c-myc mRNA sequence of Watt, et al. (22). Negative control

sequences included nt 17-31 of VSV matrix protein mRNA (D), a

sequence in the gene (26) upstream of the transcription start site

(E), and a scrambled version (Q) (11) of the initiation codon

sequence (0). Lower case letters represent mismatches between

sequence P and the initiation codon region target, 559-573.
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Fig. 1. Predicted secondary structure of the entire 2121-nt human c-myc

mRNA from K562 cells (22) calculated with the RNAFLD (23) using

free energies of base pairing at 37°C (24). Target locations are

indicated with capital letters.

Fig. 2. Expression of c-myc p65 protein in treated and untreated HL-60

cells, measured by radioimmunoprecipitation and fluorography.

Antisense oligodeoxynucleotides were added directly to the

suspensions at a final concentration of 10 AM for 12 hr. Lane A,

molecular weight markers; lane B, no oligomer, anti-p65 antibody;

lane C, no oligomer, rabbit IgG; lanes D-S, oligomers from Table 1,

anti-p65 antibody; lane T, no oligomer, rabbit IgG; lane U, no

oligomer, anti-p65 antibody; lane V, molecular weight markers.

Fig. 3. Relative intensities of c-myc p65 protein expression from Fig. 2.

Each band was scanned at three different points with an LKB 2220

laser densitometer and the intensities were averaged. The entire

scanning routine was repeated, and error bars represent the

standard deviation of the six scans. B and U, no oligomer, anti-p65
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antibody; C and T, no oligomer, rabbit IgG; D-S refer to oligomers

in Table 1, with anti-p65 antibody.

Fig. 4. Relative intensities of c-myc p65 protein expression in untreated

cells (wide right crosshatch) or HL60 cells treated with 1 JM

(narrow right and left crosshatch), 2.5 jM (narrow right

crosshatch), 5 /M (blank box) or 10 gM (solid box) of each

antisense oligodeoxynucleotide. Antigens were

radioimmunoprecipitated, fluorographed and scanned as in Figs. 2

and 3. B, no oligomer, anti-p65 antibody; C, no oligomer, rabbit

IgG; F, G, N, 0, and R refer to oligomers in Table 1 and lanes in Fig.

2, with anti-p65 antibody.
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glutaraldehyde Io tetanus toxoid (iT7)Peptide Research
carrier: Tile (NANP),4 P. /Ohtlc101ar01
circumsporozoite peptide and its
glycine-substituted analog. (NANG 4 .
To this end we synthesized the native
tandeR repeat repeated 4 and 8 times,Role of the i-'rohne R esidues i.e., (NANP)4.8. as well as its glycine-
analog (NANG)4,8, in which the
proline residues were ieplaced by

on t e Xi m uno enicglycine. The (NANP)4 and (NANG)4
peptides were each conjugated viaProperties of a P. falciparum glutaraldehydeto'TTandadmiisieredin four strains of mice. Our tesults indi-

cate that the immunogenic behavior ofthe two peptide haptens differs. An-
tibodies raised against (NANP)4 recog-

Linked to a Carrier Protein nize (NANP)8 free, bound on a solid
phase and linked to a protein cairier. In
a previous report, we showed that such
antibodies recognize the spoiozoite and
neutralize its infectivity tit vilro. In
contrast, antibodies raised against the
(NANG)4 cannot recognize (NANG) 8
peptide, free or bound on a solid phase.

L.D. Lise, M. Joilvet, F. fi'ee in solution or bound to the solid However, anti (NANG)4 antibodies
Audibert, A. Fernandez, E. phlase. Ilowever. these antibodies can can bind to (NANG)8 when it is linked
Wtckstrom, L. Chedid and ,,,,t I with the peptide when it is linked to to an unrelated bovine SelutnA1 .dbllin
D . gr a protein carrier. The coupling of a gly. carrier (BSA).D.H. &hlsie ger cine-containing analog to a carrier results
University of South Florida in a significant shift in its conformation.
and 'New York University allming it to be recognized by the an- MATERIALS AND METHODS
Medical Center ibodies. Peptide Synthesis

INTRODUCTION Derivatized amino acid (t-Boc. tert-
butyloxycarboxyl) were of the L con-

Studies to date have indicated that figuration and were purchased from
ABSTRACT antibodies generated against peptides Bachen (Torrance, CA). Boo-Asn was

containing 12 to 40 amino acid in the form of its nitrophenylester. Syn-
The Oc Unspoinootte (CS) Inolem of residues of the repetitive region of the theses were carried out using a benz-

P. faltipait i,, inms , ,,,niodo, -.irunsporuzoite (CS) protein are hydrylatnine resin (0.654 nieq/g. Be-
mant epitope. NANP, that is ipeated 37 i.,apable of reacting with spurozoite and ckman Instruments (Palu Alto. CA) oil

tines in the natlie molet ile. The piesen e neutralizing its infectivity in Vtio a Vega (Tuscon. AZ) model 250C s) n-
ufptoline in the cout i temis of the Phis- (1,13,14). Hoever, small peptides ate thesizer controlled by ai AI)ple 1k.
tlodlrl paiasite at , ,i di,,uo de eupmental weakly iilunogenic because of their L-oniputer with a program based oil .t
stages and atiams is a fieqiem ,t, o - luw, molet.ular size. An increase in their modification of the Merrifield itetliod
tence. in tils sttidy ise eialiite the ti imniunogenicity is obtained by con- (16). A 2-gsampleof the beiwhydryla-
fluene of sbstaistion of 1iin',e i eside.% jugating them to protein carriers. Con- inine resin was suspendcd .iid wS,LhCdl
by glycine on the mnitmuugemi behuaioi jugatiun is carried out by means of 3 times with meth)lec Jiluride. 3
uf two tandemly tepeated peptides iliked bifunctional reager ts that can fomi a times with ethanol, ,ad 3 ime.s with
iIa glitataldeh)de to a piotem camiet. .ovalent link between the peptide and C112C2 in the synthesizcL. The iesni
Tile (NANP)4 P.fahipatun tnutunspino- the carrier molecule. Two types of was washed 2 min with 5t tI-
zoite pepide and its gline-substtute eiagents are must frequently used. fluuroatetic acid (IFAi k uiitaiiiig
analog. (NANGM4. rhe tesilts Obrained Glutaraldehyde (g) and carbodiimide 10% amisole in CIl2CI2 diid tlen
s/how that the jNANP) 4 idLes aitibodies (.). Attadiment of the peptide to a L.ar- treated with 50% trifluuim.ctt..o.id
/tij iecognmze the peptide fiee in s,,i ner protein that pruvides a different en- (Lontaiiiiitg 10% amsole Wi Cl .ICl,, lur

t10n, bound on a solid phase, a~d linked to ionment than the peptide alone may 30 mlin, washed I., times w ah Cl 12C,
a caiimei protein. It has beeii pieii,.dY mflueni.e its cunfurmational behavior and ieutialized by vvasl i t'. .. %Idl
repoited that sdLl atibodies ikoegmze (5) and 1.unsequetly its presentation to 10% diisupropyleth lammi-. ii CiL-C12.
the antigenk sites of the peptde in the ,,a the immuine system. In this study we at- The first Buc-aninu aid ,,S ,1uaplCd
tive protem un ithe sijace of the spoio- tempt to evaluate the influence of sub- fur I h to the benzhydrylamme 1csm by
zoile. Antibodies aised against t 'ANG) 4  stitutiun of prohne residues by gl)yine using a 3 molar exmess ul dliylu.a
in the same e.peionewil ndltinis 4.M ul tile iiitnui iogeniic behavior of w o budiii ii ideatidix y .ii S .4 ,uIc ii
(NANP)4, wamot Ie oize the peptide Lamidenily repeated peptides linked via CIl2CI2 aiid a 3-told iiiulai ¢.c . ul
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diisopropylethylamine. Then, another to proceed for 6 days with constant stir- 50 pg of peptide-carrier conjugatic in
aliquot of hydroxybeuzotriazole and ring. followed by dialysis against phos- absence of adjuvant. Sera wcic col-
diisopropylethylamine was added at a phate-buffered saline (PBS). lected by retroorbital bleeding at week-
2-fold molar excess for an additional I Preparation of carrier protein. ly intervals after the first injection and
h. Following coupling, the resin was free conjugates. Polymerization of stored at -20 ° C before titration.
washed with CH2CI2 (three washes), (NANG)8 [poly(NANG)8(g)j, co-
absolute ethanol (three washes), and polymerization of (NANG)8 with an Antibody Titration
,CI12CI2 (three washes), and an aliquot excess of lysine [poly(NANG)81ys(g)] Antibody titers against the synithetic
of the mixture was then tested by using and copolymerization of (NANG)8 peptides or the carriers were measured
the Kaiser ninhydrin procedure (10) to with an excess of glycine [poly by enzyme linked immunosurbent as-
test for completion of coupling of the (NANG)gglytg)] was achieved by say (ELISA) according toexpetimental
Boc-amino acid to the growing peptide treatment vith glutaraldehyde under conditions described previously (9).
chain. similar conditions. Titer plate wells (Nunc immunoplate,

Carbodiinide conjugates, (c). Denmark) were coated with 10 pg pep-Cleavage and Extraction of Peptide BSA(NANG) 8(c) was prepared as fol- tide or 4 pig p-otein per ml. Alter in-
from !.he Benzhydrylamiine Resint lows: (NANG)8 peptide (1.0 mM) and cubation for 2 h at 370 C, t,', plates

Cleavage of each of tne peptide BSA (0.03 rM) were mixed in 0.1 M were washed and incubat,;d for I h
resins (2 g of each) was performed in a I-ethyl-3-(3-diinethylanilno-propyl) with serial dilutions of sera at the same
Peninsula (San Carlos, CA) HF ap- carbodiimide HCI for 10 h at 22 C, pH temperaturc. The wells weie then
paratus in the presence of anisole ( 1.2 5.0. An equal volume of 1.0 M glycine washed and treated with a rabbit anti-
ml/mg of peptide-resin) and methyl was then added. The mixture was mouse immunoglobulin G (IgG)-
ethyl sulfide (I ml/mg) at 00 C for I h, rotated overnight at 40 C and then peroxidase conjugate (Miles Labota-
after which the mixture was thoroughly dialyzed extensively against PBS. tories, Naperville, IL) for an additional
dried under high vacuum. The mixture The conjugates were analyzed using hour at 370 C. Twelve nin after the ad-
,was then washed with zold anhydrous high performance size exclusion chro- dition of the substrate-Lontaiflilig solo-
ether, extracted with alternate washes matography [TSK G3000 SW column tion, the reaction was stopped with 50
of water and glacial acetic acid, and (LKB), isocratic clution with 0.01 M p.I of 12% 12S04. Optical dcwity was
then lyophilized. sodium phosphate buffer (pH 7.0) con- determined with a spectrophotomcter
Puriflaation ining 0.2 M NaCI and amino acid reader (Titertek Multiskan Plus,
Puct of Crude Synthetic analysis. Mclean, VA). ELISA titers were ex-Product

pressed as the maximum dilution
Crude synthetic peptides weic de- Amino Acid Analysis giving a two-fold higher absoibance

salted and purified by gel filtration oil a Samples were hydrolyzed in 5.7 N than the control serum diluted at 1:1(10.
column of Sephadex G-25 (120 x 2.0 HCI for 22 Ih at 1000 C, dried, reconsti- Control sera were obtained fIor1 mi.e
cm) equilibrated with 0.1 M tuted, and applied to the amino acid which received only AI(Oll)3. Pre-
NH4HCO3, pH 8.0. Column effluent analyzer (Applied Bios.stems, Foster liminary experiments using ,i mono-
was monitored by the UV absorbance City, CA, model 420 A derivatizer). clonal antibody (5508) and a ,,cie, of
at 254 and 206 nm with an LK13 (Pis- Amino acids were quantified as their peptides from (NANP)2 to (NANP) 8
cataway, NJ) UV-Cord I11 monitor, pheiiylthiucarbamyl deiivatives oil an demonstrated that (NANP)h bound to

Applied Biosystems Model 130A the antibodies better than the (NANP)4
Preparation of Conjugates HPLC. peptide (unpublished). Consequently,

Glutaraldehyde conjugates, (g). we chose (NANG)8 as the coating an-
The NH2 groups of the protein anid the Determination of Peptide/Carrier tigen to measure the anti (NANG)4 an-
peptide react with the aldehyde group Ratio of Conjugates tibodies.
of glutaraldehyde to make a Schiff
base. Since glutaraldehyde is a bifunc- This ratio was detennined by corn- ELISA Inhibition Tests
tional reagent, there is formation of paring the amino acid analysis of the
inter- and intramolecular cross-link- conjugate to the carrier alone, accord- Inhibition studies were perloimned
ages. ing to a method of calculation de- oil sera diluted in 1% BSA. 0.1%

Coupling of peptide to carrier scribed by Briand et al. (3). Tween 20, at a level of I ± 0.3 O.D.
protein, The following conjugates when tested against the antigen bound
were prepared using glutaraldehyde to Immunization by Peptide-Carrier in the plate. The inhibiting antigens
couple peptides via their NH2 groups to Conjugates were incubated with the immunte ,Sera
the carrier protein: TI(NANP)4(g), at the concentrations indicated under
TT(NANG)4 (g), BSA(NANP)4(g), Female Swiss, DBA/2, BALB/C, Results. After 20 i at 40 C the sera
and BSA (NANG)8(g). The amounts of and C57B 1/6 mice, 7 weeks of age, were tested by ELISA accoidimg to the
peptide and carrier were calculated to were purchased from Harlan Company same conditions.
give approximately 1.2 peptide NH2 (Madison, WI). Mice (eight per group) Circular Dichroisn (CI)) Studies
equivalents for each amino group on were injected subcutaneously with 50
the carrier, The coupling reaction was pg of' protein or peptide-carrier con- CD measurements weicploimed
carried out at 201 C in 0.1 M sodium jugate in the presence of aluminum hy. on a Jasco 500A spectropolarimeter
bicarbonate, pH 8, with glutaraldehyde droxide (AIROH)3) (100 pig per mouse). (Japan). using a cylindrical quamti cell
at 2.63 mM. The reaction was allowed Mice were boosted 30 days later with of 0.1-cm path length. The instrument
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was normally used at a sensitivity of 30 TL .Secondary Antibody Response of Mice I imiunizedvwith the IIlSA(NAN(ai(C I Oln jogae
gA units/cm. Peptides were dissolved ELISA Titer of AntibodyAgainst:
in phosphate buffer saline, pH 7. at a Treatment Day 0 (NARGW TT(iNANG)4(g) bSA _ T
concentration of 110 gg/ml. Mean
residue ellipticities [01I were calculated LBSA(NANG)8(c)] 1,200 1,150 14,800 <100
from the expression: wt IO)

A.S.MRW.330 2 1t]- C.LIO0 (deg.cm .dml Eight Swiss mice received 50 pg of BSA(NANG)8(c) conjugate with 100 pg of

where A is the observed dichroic ab- AI(OH)3 on day 0. The mice were boosted on day 30 with the same amount of
sorbance at wavelength X (cml). IS is tule conjugate in saline solution.
sensitivity setting (A units cmt ), MRW
is the mean residue molecular weight,
C is'the peptide concentration in g/dl
and L is the optical path length in cm. Table 2. Inhibitory Activity or Peptldes tNAN(;) and (NANG)$ on the Blinding or Aniti
All measurements were made at 200 C. rtAN)g Antibodies to IISA(NAN(1s(g) Conjugate

Molar Concentration of Peptides

RESULTS Necessary for 50% Inhibition
Peptlde/Carrler of Antibody Binding to

Antibody Measurement wvithi Inhibitors Molar Ratio BSA(NANG)s(g) Conjugate
(NANP)8 and (NANG)8 Peptides N G)

The antibody response of four (NA9)
strains -of mice immunized with BSA(NANG)8(g) 16 1.7 10~
'IT(NANP)4(g) and TT(AG4)T(NANG)4(g) 23 2 10-9
was analyzed by ELISA. As shown in i(AG 4 g
Figure 1, a response to an antibody Poly(NANG)8(g) 4 10*
raised against (NANP)4 was detected
using (NANP)8 as the solid phase an- Poly(NANG)alys(g) 4 10
tigen. In contrast, no antibodies against Molar concentration of the peptide in the peptide-TT conjugate was calculated
the (NANG)4 peptide could be detected from quantitative analysis after total acid hydro~ysis of an aliquot of the solution
when, (NANG)8 pep~tide was used as of conjugate.
the solid phase antigen. However, as I_________________________________
shown in Table 1, when the mice were
immunized with B3SA(NANG)8(c, anl
antibody response against (NANG)4 __________________________

was detected using (NANG)II. The an- 10000
tibody titer to (NANG)8 was comi-
parable to the antibody titer obtained
with Th(NANG)4, indicating that
(NANG)8 can be used as antigen in the 8000
solid phase assay. However,
BSA(NANG)8 (c) induced a lower anl-
tibody response than 'fl(NANG)4(g).

Antibody Measurement with 8000
(NANG)8 Linked to BISA Carrier

'The (NANG)8 peptide was linked to
BSA by either glutaraldehyde [BSA 40
(NANG)8(g)I or by carbodiimide I BSA 40
(NANG)8(c)I to improve its presenta-
tion to the antibodies in the solid phase//
'assay. The results in Figure 2 show a
stronger binding of the antibodies to 2000/
BSA(NANG)8(g) than to BSA
(NANGWsOc) The antibodies raised
against TT(NANG)4(g) recognized
(NANG)8 linked to BSA but not direct- 0 - _

ly bound in the plate. These results sug- Swiss DBA/2 BABL/C C57BI/S
gest two hypotheses: 1) The antibodies I_________________________I___________'1recognize conformations in the peptide igure 1. Antipeptide aniabudy respunse vr four stidins ur mio.e imninunized oti, It I NANPt'jg)
linked to a protein carrier whith aie not ttross-hakhed barsi aIdTtNANU;4kiD ouuhd barsJ.Ama~buc? &is weic iiawJ, Nk1,i4,
present in the peptide when free in tNANG)x, respectively.
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solution or bound on hie solid phase; 2)
20000 the antibodies recognize the glutaral-

dehyde bound between (fhe lysine ol' the
carrier protein and the N terminal
amnino part of the peptide. In order to

16000 -evaluate each of these hypotheses
ELISA inhibition experiments wereI performed.
Spcciricity of the Antibody inding

12000 -to IISA(NANG)8(g)

The specificity of antibody towid
the plate-bound BSA(NANG )g(g) anti-

8000gen was examined by ELISA coilcti-
8000 -tive inhibition analysis. As shown in

Figure 3a, the binding of antibody to
antigen was inhibited hy BSA
(NANG)8(g) and 'IT(N A Nt (),t(g).

4000 Only a partial inhibition (1811) of the
antibody binding was achieved with
BSA(NANG)8(c). Conversely, neither
(NANG)8, BSA, 717, nor 1'1(NANI))4

0 (g) inhibited the binding. Thice carie-
ab Cd free glutaraldehyde compounds con-

taining (NANG)8 were also studied for
their capacity to inhibit antibody bind-

Antigen ing to BSA(NANG)8(g). For this pur-
pose, conjugates were prepared using

Figure 2. Antibody response of Swiss mice Immunized wltl,'NAN()4(gt, measured with different poly(NANG)glys(g), poly( NA NG)xgly
antigeni, it) (NANG)4, b) tNANG)m. c) BSA(NANG~atg). d) BSA(NANG)ac). and e) BSA, (g) and poly(NANG)8(g). Complete in-

hibition was achieved wvith the
All 114A414Wpoly(NANG)B(g) and poly(NANG)Hlys

UMAWWI ""WI o P1~M""40 (g) conjugates. but there was no inhibi-
lt tO, TBSlie K- V tion using poly(NANG)8gly(9) (Figure

0 FTHHAW,9 oiNGID1o 2b). Thle degree of inhibition of binding
Al~~g * PiYadHtgy by (NANG)4 or (NANG)8 in thie (hf-

0l6SSASI4tCt Pol (NAiIG)I1 )
I AINANWID) OPOIrWANG)Ilte ferent (NANG)B conjugates is shown in

' ~ ITable 2. The carrier-free (NANG)8
~, conjugates were two times mote effi-

cient than thle peptile-carrier Conl-

JIWA~i at , *~ ~a,.ii.. ~ gua~aa~sUI.B HllSjugates. The fact that poly (NANG)8(g)

tn o y(NAN yg and bothNAP i4(g
*lt110.4111.0 0.IXAP4  16 1 I 440lie hbT the spec ifici y fth indipep td

I Isto *SSCNWI softN~I Ba(noies raised ageaint! iT

1 competntintie nibditelsi. usn

It ethe (AN P) or BS(NANP)4(g) a

01IW FigurAP) Te spfcit f cmlte nititi lan
WWIISAMOSANAW, atibode binig d to ans (NNP a

* (NAN P)4(g) wand examnAN)by
F~gre . LIS Inibtio exermens. nhbitngantgen wre ncuatd 1 h t4 C.atohecpneNite inAhibiti or aTnasiusig

tigen. ~~~4 eitsadrpeetihbto suisproie npoe mun eaotie ihteia her nA8o BSA(NANP g) as d
munoge indicted, si use aoi-hsntigen onl a

L~~igr 3c.~No a complet inhition Rcfe,ircn-1



partial inhibition ( 14%) was achieved presence or absence of the shoulder allow only some coiilorinlaion,,at iii
with (NANP)B, whereas a complete in-' represents a small but significant dif- The CD data show thiat thle Isel)titlc in
hibizion was obtained wiih BSA ference between these cwo groups. The poly(NANG)m(g) and poly(NANG)K
(NANP)4(g) and 1T(NANP)4(g). disappearance of the shoulder at 220 lys(g) may present the same coiilorma-
These results suggest that most of the fis could be ascribed to a complete tion as the peptide in the peptide-car-
antibodies which recognized the pep- lack of ordered secondary structure in rier conjugates.
tide linked to the carrier protein could the poly(NANGhNg) and poly It has been demonstrated previously
not bind to the peptide alone. INANGhslys(g) conjugates. allowing that peptides with proline inl the i+l

the peptide to react effectively with the and Asn in the i+2 position readily
Circular Dichroism on (NANPht. antibodies raised against TT form protein P3 turns (12). lIice P. f-
(NANG)A.s., and (NANGNg (NANG)41g). cipartint sporozoite immuisoduininat
Derivatives epitope contains repeating pro-asn se-

The CD spectra between 200 and quences and the P. knnwlec.i S9bMOrlie
250 nm in phosphate -buffered saline DISCUSSION immunodominant.epitopc contiaiiis pro-
solution for (NANG)4 and (NANG)Rt gIn sequences. suggesting that the-e
are shown on Figure 4a. These two Antipleptide antibodies generated by repeats may possess a cros.s-bcui back-
peptides have spectra typical of largely TT(NANPM4(g) immunization bind to bone (7). Another piece of cv idence for
randomly coiled structures with a mini- (NANPhI when (NANP)8 is used as this conformation is the discrepancy
mum at about 202 nm and a less coating antigen in the solid phase between the molecular weight of P.
resolved shoulder from 210 to 230 nin assay. It has been shown previously knowlesi sporozoite CS protein oh-
(2.8). The spectrum of (NANP)s that these antipeptide antibodies can tamned by DNA sequencig (36.7M
(Figure 4b) also exhibits the same min- recognize the sporozoite in an im- daltons) and that obtained by Cstihllate
imum band at 202 rim, but not the mnifluorescence antibody test and in- on SDS-polyacrylarnide gel electro-
shoulder around 220 nm. The poly hibit the sporozoite penetration into phoresis (52,000 daltons). The pres-
(NANG)ggly(g) conjugate (Figure 4a). cultured hepatocytes (13.14). We show ence of proline in the tandemi repeats in
which exhibits a sepctrum similar to in the present study that antibodies a number of stages and species of the
those of (NANGM4 and (NANGMa. also raised against TT(NANP)4(g) recog- plasmodium parasite is rather common.
shows the same immunogenic behavior nize the peptide in solution, bound in For example. proline appears in the S-
as (NANGM4 and (NANG)S. since it the plate. and glutaraldehyde-treated antigen of P.falciparuni (4). the FIRA
cannot inhibit the binding of antibodies TT (data not shown) do not inhibit the merozoite repeat (19). the histidine-
raised against 1-r(NANG)4(g) to BSA antibody binding to BSA (NANG)R(g). rich knob proteins (11), the P. vii'a-v CS
(NANG)s(g). Conversely, the spectra Furthenmore. poly (NANG)g which protein ( 15). the P. knowle i CS prote in
of poly(NANG~A(g) and poly lacks lysine is as efficient an inhibitor (nuni strain) ( 17), and the P. her.Iri CS
(NANG)8lys(g) in Figure 4b are as poly (NANG)K lys(g). On the other protein (6). The (NANP)4.X pepltides% ill
similar to the (NANP)8 spectrum in hiand. poly (NANG~ggly(g) cannot in- solution. bound in the ELISA plate, or
that they lack the shoulder around 220 hibit the antibody binding, linked via glutaraldehyde to a carrier
nm. These two (NANG)a conjugates The presence of proline residues protein adopt. with a significant fre-
are both able to inhibit the antibody may tend to fix the polypeptide back- quency. a conformation compatible
binding to BSA(NANG)8(g). bone (18). Replacement of proline by with that of the cogitate site in the cir-

The spectra of these different com- glycine may increase the rotational cuinsporozoite protein. T*hus, the
pounds can be categorized in two freedom of the peptide. However, at- presence of proline in repetitive se-
separate groups. Group I is charac- tachment of the peptide to a carrier quences may represent anl efficient tool
tcrized by a shoulder at 220 nm. group protein which provides a different en- to define peptides eliciting aintibodies
11 by the absence of these features. The vironment than the peptide alone may which recognize directly the peptide in

* V IV
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the solid phase assay and teacling with Sci. I SA 3:7918.794 1.

the native protein at (lhe su iface o1. thie 12.1kipPle. K.l).. MA.. Fenvy and A. (;o. 1977.
Cod,'lolproduicts of Met-Vat1-GlIy-Pi 0.

pathogen. Asn.(ily aid their coufoi oiations. p. 333-336.
it M. (joodnian and J. Meicnhofcr (Eds.).
Peptides Proceeding of the Fi fth American
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